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ABSTRACT
Ray, Biswajit Ph.D., Purdue University, December 2013. Redefining the Operation
and Design Considerations of Organic Solar Cells: Role of Morphology and Defect
States. Major Professor: Muhammad A. Alam.
Organic photovoltaic (OPV) technology is currently a topic of great interest for
potentially low cost solar energy conversion and possibility for many novel PV applications (e.g., building-integrated PV, portable solar cells, etc.). Successful commercialization of this technology, however, will require significant improvement in efficiency
and lifetime. During the last few years, innovation in novel polymer synthesis has
raised the efficiency of OPV above 10%, at par with a-Si and earth-abundant solar
cells. Further improvement in performance will rely on breakthroughs in device design, which requires profound understanding of the physics of device operation. A
major challenge in the design of the state of the art OPV cells is the need for random
mixture of two different organic semiconductors for the absorbing layer. Even though
such complex morphology reduces charge loss by separating electrons and holes in
respective channels, it introduces many technological problems such as reliability,
variability and yield which may preclude the large scale adoption of this technology.
In this work, we develop a theoretical and conceptual framework to facilitate
fundamental understanding of the device physics of organic solar cells. In addition,
this work has inspired several new design concepts, which can potentially improve the
efficiency and lifetime of OPV cells. One crucial contribution of this thesis work is the
proposal of single material based OPV design, which provides a paradigm shift in the
design of organic solar cells. In general, the thesis work provides several new insights
on the role of active layer morphology and defect states in organic semiconducting
devices, which will broaden the field of organic electronics.
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1. INTRODUCTION
The supply of conventional energy sources (e.g., oil, coal, Uranium) is limited, and
their use has harmful effects on environment (e.g., emissions from fossil fuel, and
radioactive waste from nuclear fuel). Therefore, it will be essential to utilize renewable
energy sources to solve the world’s increasing energy demands. Solar energy is one
such promising renewable energy source and photovoltaic technology (PV) offers a
clean (environment friendly) solution for the conversion of solar energy to electricity.
Currently, the main problem with PV technology is the high cost, and hence it is not
yet commercially viable compared to conventional energy sources. Therefore, most of
the current research in PV is focused towards reduction of cost either by increasing
the efficiency of state of the art Sillicon-based solar cells, or by developing cheaper
material based technology (e.g., CIGS, CGTS, CdTe, etc.) with lower manufacturing
cost (e.g., roll-to-roll solution based processing).
Organic photovoltaic (OPV) technology is an emerging PV technology for potentially low cost solar energy conversion. An unique advantage with this technology
is its low temperature, solution based, roll-to-roll manufacturing process using synthetic polymer materials. In addition, OPV cells (or panels) are light weight, semitransparent and compatible with flexible substrates which makes it a good candidate
for many novel, portable as well as building integrated PV applications (Fig. 1.1).
Successful commercialization of this technology, however, will require significant improvement in efficiency and lifetime. There remains many fundamental as well as
technological challenges for organic solar cells that need to be solved for the large
scale adoption of this technology. Some of these challenges are listed below:
1. Material Quality: Even though there are many advantages associated with
organic (or polymeric) semiconducting materials (such as low material cost,
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Fig. 1.1. Wide application space for OPV. The figure shows OPV
cells can be flexible, can be applied as a transparent paint in a large
building windows, can be used for making solar jacket or can be pasted
on the hand bags for charging mobile devices etc.

high throughput synthesis, etc.), the electronic properties of these materials are
generally poor. For example, charge mobility of organic semiconductors (OS)
is orders of magnitude smaller (µOS ∼ 10−6 − 10−3 cm2 /V s) than the inorganic
counterparts [1–3]. In a photo-voltaic device, poor mobility causes photo-carrier
extraction difficult, leading to high recombination (or charge) loss. The energy
gap (or optical gap) of commonly available OS is generally high (EGOS > 1.5
eV) causing lesser photon absorption than the inorganic materials. Finally,
the dielectric constant of OS is low (ǫ ∼ 3ǫ0 ), mainly because of free volume
between the repeat units of the polymeric chain or organic molecules. The other
reason which makes ǫ low is the randomized chain polarity or molecular dipoles.
Low dielectric constant of organic materials leads to formation of Coulombically
bound charge neutral excitons after photo-excitation. The self recombination
of excitons leads to further loss in efficiency.

3
2. Device Stability: Stability or device lifetime is a serious concern for organic
electronic devices [4]. Generally, OS are susceptible to chemical degradation due
to atmospheric moisture and O2 , leading to poor device lifetime [4]. For OPV
devices, photo-induced bleaching [5] of conjugated polymer molecules poses a
severe reliability issue. In addition, thermal degradation [6] of the absorbing
layer in OPV cells remains a long term intrinsic stability problem.
3. Variability and Yield: A major challenge in the design of state of the art
OPV cells is that it requires a pair of randomly mixed OS for its absorbing
layer. Even though such complex morphology reduces charge loss by separating
electrons and holes in respective channels, it introduces many technological
problems such as reliability, variability and yield which may preclude the large
scale adoption of this technology.
In spite of these fundamental and technological challenges, innovation in novel
polymer synthesis over the last decade has raised the efficiency of OPV cells above
10%, at par with a-Si and earth-abundant solar cells. Further improvement in performance relies on breakthroughs in device design, which requires profound understanding of the physics of device operation.
There are many fundamental differences in the structure and operation of organic
solar cells compared to its inorganic counterparts. For example, photon absorption in
OS creates tightly bound electron-hole pairs called excitons (details given in Sec. 1.2).
Second, state of the art OPV cells are based on a very complex structure (see Fig.
1.4), involving distributed heterojunction between two OS for minimizing charge loss.
With such complex structure and operation, the performance of OPV cells cannot be
interpreted by the classical theory of crystalline solar cells. However, understanding
of device operation and carrier transport in morphologically complex device geometry
is very important because absorbing layer morphology in organic solar cell not only
dictates its performance but also its lifetime. Hence the primary goal of this work
is to understand the fundamental electronic processes in the OPV device operation,
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establishing the structure-property relationship and then translate the understanding
for high-performance device design.
In this chapter, we first briefly describe the history of organic solar cells, where
we discuss the key innovations made both in materials as well as device design for
the development of this technology. Then we describe the classical understanding of
device operations and the associated debates on some of the fundamental processes
in operation steps. Finally, in Sec. 1.3, we define our approach and outline the thesis.

1.1

Brief History of OPV Development
Even though OPV is classified as an emerging PV technology, its history is quite

old and dates back to mid 1950s [7]. Inspired by the early work on photosynthesis in living plants and the discovery of photovoltaic effect in inorganic crystal [8],
David Kearns and Melvin Calvin from UC Berkeley in 1958 proposed and demonstrated the photovoltaic effect in organic systems [7]. Since then there have been
proposals on different types of organic materials for solar energy conversion [9]. In
short, the organic photovoltaic materials can be classified into two categories: organic
small molecules( e.g., merocyanine dye molecules [10], CuPc, ZnPc, PPV, C60, etc.)
and semiconducting polymers (e.g., MEH-PPV, P3HT). The initial OPV cells (before 1990s) were typically made of organic small molecules deposited on transparent
electrode by thermal evaporation [9–11]. Efficiency of these early cells was minuscule
(< 0.01%) and the reason for such poor efficiency was attributed to exciton formation
and the subsequent recombination [9]. A major step forward in small molecule based
OPV research was made in 1986 by Tang et al. [12], who for the first time introduced
the concept of heterojunction to make an OPV cells and the corresponding power
conversion efficiency was about 1%. The device structure consisted of two layerscopper phthalocyanine(CuPc) as the donor and perylene tetracarboxylic derivative
as the acceptor. Both the donor and acceptor layers are deposited by thermal evaporation. It was argued in the Ref. [12] that HJ dissociates the charge neutral excitons
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into electrons and holes and hence the performance improvement. Until recent advancements, however, small molecule based OPV cells were not very successful and
it has been overshadowed by the development of semiconducting polymers which has
the advantage of low temperature, and solution based fabrication processes.
Research on semiconducting polymer based OPV cells started in early 1990’s,
when photovoltaic properties of polymer molecules were demonstrated by several
groups [13–15]. Semiconducting polymers have several advantages over small organic
molecules due to their fast, low temperature, low cost, solution based processing
compared to the thermal evaporation based deposition. Since its introduction, therefore, semiconducting polymers have remained the most popular choice of material for
OPV researchers. In Fig. 1.2, we show the progress in research of polymer based
OPV cells over the last two decades. The figure shows that early PSCs had a very
simple device structure, were the active layer was made of single material sandwiched
between two electrodes of different work functions. Efficiency of those early cells were
low (< 0.01%), which was attributed to incomplete exciton dissociation. A major
breakthrough in polymer solar cell research was made in mid 1990’s [16, 17] with the
introduction of bulk heterojunction (BHJ) structure (see Fig. 1.2), where the active
layer was made by blending the semiconducting polymer (PPV and its functional
derivatives) with C60 or its soluble derivatives (e.g., PCBM). It was argued that with
distributed donor-acceptor (D-A) interface, BHJ morphology could dissociate all the
photo generated excitons in the absorbing layer and hence facilitate better efficiency.
BHJ morphology remains the most successful OPV structure since its introduction, but at the same time it has introduced several fabrication challenges. It was
found that the performance of the BHJ cells is quite sensitive to the precise control
of several process variables [18]. For example, in 2001, Shaheen et al. [19] for the
first time showed that solvent for the polymer solution significantly controls the BHJ
morphology. They demonstrated high power conversion efficiency (PCE) of 2.5%
(record value at 2001) by changing the solvent from Toluene to Chlorobenzene for
the MDMO-PPV:PCBM system. They attributed this performance improvement to
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Fig. 1.2. Efficiency evolution of organic solar cells. The first half of
this history belongs to organic small molecule based OPV cells and
then from early 1990 onward, semiconducting polymer based OPV
cells became very popular.

the finer phase-segregated morphology (compared to coarse morphology cast from
Toluene solution), which is capable of collecting/dissociating more excitons. Further improvement in OPV efficiency was achieved when the MDMO-PPV was replaced with P3HT, which has smaller optical gap and hence resulting in higher JSC .
With the optimization of annealing condition, P3HT gave a further increase in the
hole mobility and the PCE was improved to 3.5% in 2003 [18]. The P3HT:PCBM
dominated the the field of OPV research for the next few years and many groups
have reported improved PCE for this system achieved by the precise control of the
nano-morphology [20, 21]. Currently, the maximum efficiency reported for the high
performance P3HT:PCBM system ∼ 5% [22–24].
P3HT:PCBM was the high efficiency material system till 2006. Since then, a series of innovation in synthesizing several high performance semiconducting polymers
have raised the OPV efficiency by a percent or so every year. The newly developed polymer molecules had lower optical gap (hence higher JSC ) and at the same
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time had smaller band offset with acceptor molecule (hence higher VOC ). For example, Peet et al. (2007) [25] successfully demonstrated more than 5% efficiency
by utilizing a low band gap polymer (PCPDTBT) mixed with PC70 BM which had
high JSC (> 16mA/cm2 ). They also incorporated a few volume per cent of alkanedithiols in the solution used to spin-cast the PCPDTBT: PC71 BM films, which
they believed provided finer control on the morphology, a key reason for higher performance. Park et al. (2009) [26] demonstrated 6.1% efficient bulk heterojunction
solar cells with internal quantum efficiency reaching 100% . They fabricated devices
using the materials system PCDTBT:PC70 BM, which had excellent D-A energy band
alignment (lower LUMO band offset) and hence high VOC ∼ 0.9 V. In the same year,
Chen et al. (2009) [27] showed that the VOC of BHJ solar cells can be increased by
tuning the HOMO level of PBDTTT (a low bandgap polymer) by adding different
electron-withdrawing functional groups to the molecule. They demonstrated solar
cell efficiency of 6.77% (a record value that time) by optimizing both VOC = 0.76 V
and JSC = 13.4 mA/cm2 of the PBDTTT:PCBM system.
In 2010, OPV efficiency exceeded 7% value with the introduction of a special
class of novel polymer materials based on alternating ester substituted thieno[3,4b]thiophene and benzodithiophene units (PTBx) synthesized by Luping Yu and coworkers [28–30]. These polymers exhibit a synergistic combination of properties that optimizes all three performance matrices of solar cell. For example, the stabilization
of quinoidal structure from thieno-[3,4-b]thiophene results in a low bandgap of the
polymer of about 1.6 eV (hence high JSC ∼ 14mA/cm2 ). The rigid backbone of
the polymer chain results in a good hole mobility (hence high FF ∼ 0.7). The side
chains on the ester and benzodithiophene enable good solubility in organic solution
and finer morphology. The introduction of fluorine into the thieno[3,4-b]thiophene
provides the polymer with a relatively low-lying HOMO energy level, which offers enhanced VOC ∼ 0.74 V. With all these good properties of these PTBx class polymers
and employing a mixed solvent (CB+DIO) for making polymer solution, Liang et al.
(2010) [28] demonstrated BHJ solar cells based on PTB7 : PC71 BM with an efficiency
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of 7.4%, which was a significant step forward in the OPV efficiency roadmap. All
the record efficiency values discussed in this section along with corresponding performance matrices are shown in Fig. 1.3. It is worth noting that while the improvement
in efficiency is impressive, it is still roughly

1
3

of the efficiency limit predicted by

Shockley-Queisser [31, 32]. In Fig. 1.3, theoretical values for the year 2011 is not
shown as the record value was taken from announcements from various companies
such as Solarmer, Konarka Technologies, Mitsubishi and the materials for such champion OPV cells were not published.
From 2011 onward, tandem architecture was utilized by several groups to raise
the OPV efficiency more than 10% . As shown in Fig.1.2, a tandem BHJ cell consists
of two BHJ layer stacked on top of each other and electrically connected by a thin
inter-layer material. For example, in 2012 Heliatek announced record OPV efficiency
of 10.7% utilizing small organic molecule based tandem cell processed by vacuum
deposition. During the same time there were several publications from Yang Yang
group from UCLA on the solution processed BHJ tandem which showed high efficiency
[33,34]. More recently, the same group showed 10.2% efficiency using polymer tandem
cells consisting of two identical sub-cells [35].
In summary, as shown in Fig. 1.2, OPV cell efficiency has been raised above 12%
recently with tandem architecture. Fig. 1.2 shows that even though cell efficiency
has improved over the year, the device complexity has also increased simultaneously.
A good OPV cell currently needs two different OS (or four for tandem) mixed in
a particular ratio in an appropriate solvent and annealed for an optimum duration.
Such increased process complexity inherently introduces process variability leading
to poor yield in OPV module design. Therefore, in this work we reconsider the
long abandoned single material based OPV design which can simplify the process
complexity greatly .
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1.2

Classical Theory for OPV Cell Operation
Before we describe operation of an OPV cell, let us briefly review the different

layers of a typical OPV cell. In Fig. 1.4, we show the basic device structure of an OPV

10

Fig. 1.4. Typical structure of an organic photovoltaic (OPV) cell.
(a) Typical thickness of different layers are shown. The active layer
contains two organic semiconductors either in a stacked bi-layer form
called (b) planar heterojunction or in a mixed form called (c) bulk
heterojunction

cell [21]. Indium Tin Oxide (ITO) is normally used as transparent electrode with an
interlayer made of PEDOT:PSS underneath it. The other electrode is made of a metal,
typically Aluminum (Al) with LiF (or BCP) interlayer. The metal electrode is called
Cathode, which collects electrons and the ITO (modified with PEDOT:PSS) contact
is called anode, which collects holes. The interlayer materials modifies the electrode
work-function and also prevents the escape of carriers from the wrong contact [36].
The active layer or the light absorbing layer generally consists of two different organic
semiconductors called donor (D) and acceptor (A). Typically conjugated polymers
(e.g., MEH-PPV, P3HT, PCTBT, CuPc, etc.) are used as donor material and the
acceptor phase is usually made of fullerene or its derivatives (e.g., PCBM).
As shown in Fig. 1.4, there are two different types of geomery for the active layer.
One is called bi-layer or planar heterojunction (PHJ) which is generally fabricated by
thermal deposition of organic small molecules. The other geometry for active layer
is a random intermixed structure called bulk heterojunction (BHJ) [21]. Since the
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invention of BHJ structure [16, 17], the complex nature of the nano-morphology and
its impact on OPV performance was a mystery among the OPV researchers, until
recently. In the following section we will review the understanding on the nature of
BHJ morphology and its impact on device operation.

1.2.1

BHJ Morphology

A significant volume of research effort over the last decade was directed towards
understanding and characterizing the nano-morphology by a X-ray diffraction [37–39],
electron tomography [40, 41], and other advanced scattering techniques [30, 42]. It is
now believed that the exact nature of the nano-morphology critically depends on
the specific D-A material system. For example, McGehee et al. [39] have shown the
formation of bi-molecular crystals of fullerene, intercalated between the side chains
of the semiconducting donor polymers. Depending on the spacing between the side
chains of the polymer molecules, the system may either intercalate or mix at the
molecular scale, (e.g., MDMO-PPV, pBTTT, pTT, etc.) or alternatively, phaseseparate at larger scale (e.g., P3HT, BEH-BMB-PPV, etc). More recently, Darling
et al. [30] have shown hierarchical nano-morphology in the PTB7: fullerene system,
where nanocrystallite aggregates of fullerene and polymer are observed in the polymer
rich and fullerene rich domains respectively. In short, significant progress has been
made to characterize the BHJ morphology, and clearly it is too complex to accurately
predict by theoretical approach. In Chapter 2 of this thesis, however, we will address
this problem by developing a generic modeling framework which provides universal
description of this broad class of morphology.

1.2.2

Operation of an OPV Cell

One of the most interesting features of photoexcitation, specially in a material
with low dielectric constant (typically, ǫ < (3 ∼ 4)ǫ0 ), is that the photo-generated
(negative) electrons and (positive) holes interact strongly through Coulomb attrac-
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tion. Thus, at low crystal temperature, they combine to form bound states called
excitons. an exciton can be viewed same as a hydrogen atom, the only difference
being the mass of the hole, which is approximately equal to that of electron, while
proton in hydrogen atom is much heavier. In typical semiconducting polymers exciton can survive for relatively long period of time (τex ∼ (1 − 100) ns), before the
electron-hole pair recombine, which marks the annihilation of the exciton.
Binding energy for the exciton depends on the dielectric constant (ǫ) of the semiconducting materials and the effective masses of the electron (me ) and hole (mh ) [43].
For example Bohr radius for an exciton is
rex =

ǫh̄2
,
q 2 µ0

(1.1)

where µ0 = me mh /(me + mh ), is the reduced mass of the electron hole system, q is
the charge of an electron and h̄ is the Planck constant. The corresponding binding
energy is

Eb =

µ0 q 4
q2
= 2 2.
2ǫrex
2ǫ h̄

(1.2)

In the OPV materials exciton binding energy varies in the range of (0.1 − 1 eV)
[44]. Due to such strong binding energy, it has been believed that exciton requires
a heterojunction to dissociate into free carriers. Hence the active layer of an OPV
contains two different organic semiconductors, which provide the hetero-interface for
the efficient dissociation of the photo-generated excitons. It is important to note that
this explanation assumes dissociation of cold exciton. In a solar cell, under broad
band illumination, photogenerated excitons are hot, carrying enough energy for self
dissociation. Therefore, we will question this assumption regarding the role of HJ in
OPV operation later in this thesis.
Returning to classical hypothesis, the operation of an OPV cell is described by
the following four sequential processes [21, 45–47] :
1. Photon absorption: Organic semiconductors are generally direct band gap
materials and hence have high absorption coefficient. Thus, almost all the
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Fig. 1.5. The operation steps of an OPV cell are shown in sequence.
(a) PHJ and (b) BHJ cell. Exciton diffusion length (Lex ) is a critical
parameter in the device operation. In PHJ cell, only those excitons
generated within a diffusion length (Lex ) from interface (dashed line)
contribute to current. But in BHJ cell almost all the excitons are
collected by the distributed D/A heterojunctions.

photons, with energy higher than optical gap, are absorbed within the 100-200
nm thickness of the active layer [48]. Photon absorption creates excitons in the
active material.
2. Exciton diffusion: Exciton is a charge neutral particle, and hence its transport
mechanism is described by diffusion process. However, the strong overlap of
electron and hole wave-functions makes the exciton lifetime short (τex ∼ 1ns)
and it will be lost due to self-recombination if it cannot find an interface within
√
a diffusion length, Lex = Dex τex ≈ (5 − 15) nm.
3. Charge separation: Once exciton reaches the D-A interface, it transfers electron in the acceptor material and forms a state called charge transfer (CT)
exciton (also known as polaron pair). CT exciton has larger radius and hence
low binding energy. These weakly bound CT excitons (or polaron pair) are
separated into free carriers by the built in electric field.
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4. Carrier transport: The charge carriers are transported to the respective contact by the built in electric field created due to the work function difference
between the electrodes. Electrons flow in the acceptor and holes flow in the
donor. Thus, the carrier transport in OPV is unipolar and the recombination
between the carriers takes place only at the D-A interface.
The above four steps are the qualitative description for OPV operation. Quantitative modeling of these processes are also done in the literature but those models are
highly debated in the light of recent findings. In addition, many recent experiments
challenge some of these qualitative processes itself. Below we describe some of the
existing debates on the OPV operation:
1. What is the fate of charge transfer exciton?
The fate of charge transfer (CT) excitons is highly debated in the literature
[49–58]. Even though earlier OPV work emphasized recombination of CT state
(geminate recombination) being the performance bottleneck [49–52], many recent experiments based on transient absorption spectroscopy [53] and transient
photoconductivity [55–57] show that free charge generation is independent of
temperature and field. All these experiments [53–58] suggest free carrier recombination (non-geminate) is more dominant. In other words, exciton dissociation
at the HJ leads to direct generation of free charges instead of forming an intermediate state involving weakly bound CT excitons. These recent findings thus
challenge all the OPV photocurent (Jph ) models [49, 50], which are developed
based on the voltage dependent dissociation rate of CT excitons. In this thesis
(Chapter 3), we address this issue and provide a new model of (Jph ) based on
voltage dependent free carrier recombination rate.
2. What is the role of D-A heterojunction?
While it is widely believed that HJ provides the driving force for exciton dissociation [59–62], in many recent experiments [58, 63, 64] its found that the band
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offset (∆E) at the HJ in many D-A systems is lower than typical exciton binding energy and plays insignificant role in free charge generation. Thus, there is a
debate on the exact role of HJ and the minimum ∆E required for efficient OPV
operation. In this thesis (Chapter 6) we find that the critical role of D-A HJ or
band offset is the minimization of the free charge recombination by separating
electrons and holes in respective channel, and preventing the back injection of
minority carriers.
3. Do all the photons absorbed in the typical organic absorber create excitons? Or
what is the rate of free carrier generation directly after photo-excitation?
Answers to these questions are debated in the literature [61,63,65–74], specially
on the quantitative estimate on the relative fraction of excitons and free carrier
generation. Since solar cell operates under broad band illumination spectrum
(AM 1.5), answering these questions is very important for the efficient design
of the cell. Chapter 5 and 6 of this thesis address this question in detail.

1.3

Outline of the Thesis
In the thesis we develop a conceptual and theoretical framework to understand

device physics of organic solar cells which allows design and optimization of the cells
for higher efficiency/lifetime. We divide our work into the following chapters:
• In Chapter 2, we describe the mathematical framework for process-device cosimulation. We model the nano-structure (or morphology) of the OPV cell
by simulating phase separation kinetics between two organic semiconductors.
Device simulation is done by coupling three separate physical processes: (i)
optical absorption, (ii) exciton transport and dissociation, (iii) charged carrier
(electron and hole) transport in the complex OPV structure. We also validate
the modeling approach and its implementation by interpreting many experimental data/trend on OPV performance. Finally, we apply the process-device
simulation framework to answer some key questions regarding the performance
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limits, and variability/reliability of BHJ OPV cells. We determine the optimum
processing conditions (such as annealing, mixing) for fabricating solution processed polymer solar cells and also compare its performance with the perfectly
ordered theoretical optimum morphology.
• In chapter 3, we analytically relate the solar cell performance metrics (short circuit current, open circuit voltage) with the complex morphology of the cell and
derive the corresponding performance limits. We propose a geometric transform
for the analysis of the complex nano-morphology of BHJ cells, which retains the
essential aspects of the problem but allows analytical calculation. Using the analytic framework we predict the intrinsic device lifetime limit, and various other
performance limits of BHJ based OPV cells.
• In chapter 4, we propose two novel device concepts named as (a) charge interface
and (b) nano-structured electrode for solving the poor charge transport problem
in low mobility organic solar cells. We also provide the general design rules for
implementing these ideas in state of the art device structures.
• In chapter 5, we discuss the prospect of heterojunction free (or acceptor free) organic solar cells. We explore the origin of poor photocurrent in classical polymer
based Schottky devices and establish the energy band diagram of organic photodiodes by impedance spectroscopy measurements. We provide experimental
results showing higher photocurrent (> 2mA/cm2 under 1 Sun) from the polymer (P3HT) only (no acceptor) solar cells. We also outline several strategies
for improving performance of heterojunction free organic solar cells.
• In chapter 6, we challenge the popular notion of exciton dissociation being
the performance bottleneck. We experimentally demonstrate that under broad
band solar illumination, there are very few excitons in organic semiconducting
films and provide an alternative theory of photocurrent based on free carrier recombination (or charge collection efficiency). The proposed theory consistently
explain all the typical experimental observations specific to organic solar cells.
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• The summary of the thesis work and proposal for the future research are provided in Chapter 7.
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2. PROCESS-DEVICE CO-SIMULATION FRAMEWORK
In this chapter, we describe the modelling approach for simulating the active layer
morphology of organic solar cell and the corresponding device performance for a given
set of fabrication conditions. The model system described here is not specific to any
material system and hence it captures the general trends applicable to a broad class
of BHJ OPV cells. However, we choose the model parameters corresponding to the
widely used P3HT:PCBM material system to illustrate the experimental observations/trends. The chapter is organized as follows: In section 2.2 we describe the
process model, where we simulate the active layer morphology in terms of the important process variables. For a given morphology, we simulate of the device operation
by coupling the three separate physical processes: (i) optical absorption (ii) exciton
transport and dissociation (iii) charged carrier (electron and hole) transport. Finally,
we compare the simulation results with measured data. Most of the results and
discussion presented in this chapter are also described in our published report [75].

2.1

Introduction
The active layer of bulk heterojunction (BHJ) type organic solar cells is typically

fabricated by the solution based processing [76, 77]. Typically, two organic semiconductors called donor (D) and acceptor (A) are mixed in the presence of a solvent and
the solution is coated on the substrate by various techniques, such as casting, doctor
blading, spray coating, spin coating, etc. Below we briefly describe each of these film
growth techniques:
Casting: This is one of the simplest film-forming technique as only a horizontal
surface is sufficient for this method. The procedure is to simply cast a solution on
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to a substrate followed by drying. While it is possible to prepare thick films of good
quality, the technique suffers from a lack of control over the film thickness.
Doctor blading: This technique works by placing a sharp blade at a fixed distance above the substrate surface that is to be coated. The coating solution is then
placed in front of the blade that is then moved across the substrate leaving a thin wet
film after the blade. The final film has very well-defined thickness but may vary due
to the surface energy of the substrate, the surface tension, viscosity of the coating
solution. One advantage with this technique is that it is quite parsimonious and it
involves minimum loss of materials.
Spray coating: This technique involves spraying the polymer solution through a
nozzle whereby a fine aerosol is formed. While spray coating in principle is roll-to-roll
compatible, it can be difficult to prepare films with a smooth surface. In addition,
formation of the aerosol and evaporation of some of the solvent is complex in this
method.
Spin coating: This is the most popular technique for making the polymer based
solar cells. This technique has several advantages over other methods. For example it
allows for the highly reproducible formation of films and allows for the formation of
very homogeneous films over a large area. The typical spin coating operation involves
application of a liquid to a substrate followed by acceleration of the substrate to
a chosen rotational speed. The thickness of the film depends on rotational speed,
spin time, viscosity, volatility, diffusivity, molecular weight, and concentration of the
solutes.
The discussion in this chapter focuses on the spin-coating technique. Specifically,
we will focus on the annealing step during the drying phase of the spin-coated film.
It is generally assumed that during thermal annealing the solvent in the film is evaporated out and the phase segregated inter-penetrating structure of the D-A mixture
emerges on the substrate. Experimentally, it is well known that performance of the
BHJ cells is critically dictated by the precise control of various process variables such
as the blending ratio of donor (D) and acceptor (A) materials, the solvent in which
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they are mixed, the annealing conditions (anneal time and temperature), etc. A
number of experiments, in the last few years, have tried to systematically deconvolve
the effect of each process variable on the ultimate efficiency of OPV cells [78, 79].
Careful physical characterizations (optical microscopy, small and wide angle XRD,
TEM images) [38, 80] show that process conditions significantly alter the nature of
the underlying active layer morphology, and thereby affects the cell performance.
Recently many systematic experiments [78, 79] have been performed to determine
the optimum process conditions for some specific material systems. However, there
are many process variables involved in the fabrication, and hence achieving global
optimum requires a theoretical or computational framework to explore the various
processing effects (annealing, mixing, etc.) on the output performance. Moreover,
there remain many unanswered questions regarding the time evolution of the various
solar cell parameters (short circuit current (JSC ) , open circuit voltage (VOC ) , fill
factor) during the annealing process [81–83]. Here we list down the unexplained
trends or puzzles commonly observed during annealing experiments:
1. Short circuit current at the early phase of annealing remains low even though
the device morphology contains distributed D-A interfaces which quench photo
generated excitons [38, 80].
2. With proper annealing short circuit current improves significantly [81–83], but
current steadily decreases at the late phase of annealing [84].
3. The open circuit voltage remains relatively insensitive to the anneal duration,
even though the JSC varies significantly with annealing [81–83].
4. Only certain mixing ratio between the donor-acceptor materials produces high
efficiency cells. Efficiency of OPV is highly sensitive to the mixing ratio between
the donor and acceptor molecules [39].
The goal of this chapter is to answer all these puzzles within a common theoretical
framework.
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From the theoretical side, there has been significant progress over the last few years
on the transport simulation of the BHJ solar cell. Koster [50] et al. modelled the
transport and recombination in the BHJ-OPV by using a 1D homogenized effective
media approach. Effective media approach allows calculation of I-V characteristics,
but the morphology specific features of OPV are lost. This approach is later extended
for the transport simulation in 2D disordered device structure of BHJ solar cell [85,86].
With regard to the process-device co-modeling, several groups have explored the effect
of nano-morphology on the performance of solar cell by cellular automata approach
[87–89] or phase field approach [85, 86]. While these studies sensitize the community
of the importance of morphology on solar cell performance, none of those works
explicitly correlates the process conditions to the device performance. In the following
sections, we generalize the work of Buxton [85] et al. to develop a computational
framework that connects various process variables to the device characteristics so
that the performance of the solar cell is optimized and its efficiency is improved.

2.2

Process Model
Phase segregation of two organic semiconductors by spinodal decomposition is

the dominant physical process that dictates the shape of the nano-morphology [76].
We simulate the time evolution of the OPV morphology by the phase field approach.
Specifically, we use the Flory-Huggins free-energy formulation (see Eq. (2.1) in Table
2.1) within the Cahn-Hilliard (C-H) transport model (see Eq. (2.2) in Table 2.1 )
to describe the spinodal decomposition of the respective donor and acceptor organic
semiconductors [90, 91]. The first two terms of the free energy function describe the
entropy of mixing, and the third term is the enthalpy of formation (or the interaction
energy). The C-H equation captures the kinetics of phase separation by the minimization of the total energy. The first term on the right hand side of Eq. (2.2) is a
diffusive component and the second term accounts for the surface tension effect due
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to the formation of the diffused interface. All the variables in Eq. (2.1) and (2.2) are
described in Table 2.2 with representative values.
The mean field variable that defines the morphology is the composition, φ(x, y, z, ta )
, which varies between 0 (acceptor molecule) and 1 (donor molecule). The initial condition (ta = 0) for the C-H equation is a random composition fluctuation around a
mean composition value given by the mixing ratio of the D-A molecules. We solve
the time dependent C-H (Eq. (2.2)) equation on an 100x100x100 3D grid space with
zero flux boundary conditions. Spectral method is used to solve the C-H equation
(details of numerical implementation are described in ref. [75, 92] ). Even though the
process model described here is very simple and makes many approximation (e.g.,
we ignore substrate strain effect, solvent evaporation effect, etc.), but this approach
captures the broad features of the nano-morphology [20] and explains experimental
observations.
In Fig. 2.1 we plot the free energy density as a function of composition. Initially
(before phase segregation), the mixture is homogeneous, which has higher free energy.
With annealing the total free energy is minimized and the different parts of the
mixture attains the composition corresponding to the donor rich (φD ) and acceptor
rich (φA ) phases. After the phase segregation (which is the early phase of annealing),
the system evolves with time by enlarging the donor and acceptor clusters in order
to minimize the interfacial energy

2.3

Device Model
For a given morphology of the active layer, the steady state current-voltage (I-

V) characteristic of the cell is calculated by solving self-consistently a set of coupled
equations (Table 2.1) describing optical absorption, exciton transport and electron
hole transport. All the numerical codes are implemented in Matlab.
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Fig. 2.1. Process model and free energy density function. Free energy
density as a function of composition is plotted. Initially the system is
in homogeneously mixed form, which has higher energy. After phase
segregation, the donor phase reaches a steady state value of φ = φD
and acceptor phase reaches φ = φA with reduction in energy of the
system. The blue regions in the figure is for acceptor phase (φ = φA ≈
0) and the red regions is for donor phase (φ = φD ≈ 1).

2.3.1

Optical Absorption

Optical absorption in the active material is calculated by the solution of the
Maxwell’s equations with the input of AM1.5 illumination (Solar spectrum). Transfer
matrix method (TMM) [93] calculations are used for the optical studies of the multilayered OPV structure. In this approach, the materials inside the cell are characterized by the complex refractive indices obtained from measurements/literature [94].
Transfer matrix method models the structure using interface matrices and phase
matrices. The interface matrices are defined by Fresnel complex reflection and transmission coefficients. The phase matrix describes the change in phase of the electromagnetic waves as it flows through a layer. The central quantity calculated in this
approach is the pointwise optical power dissipation of the electromagnetic field inside
the various layers of the cell.
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Fig. 2.2. Photon absorption in the active layer of organic solar cells.
(a) The standard AM 1.5 solar spectrum is shown, which is the input
for the calculation of optical absorption. (b) The optical absorption
in the various layers of the PHJ based OPV is shown. We assume
material specific complex refractive index data (for all wavelengths)
to calculate absorption in various layers. Most of the photons are
absorbed in the donor material. (c) The optical absorption the blend
morphology of BHJ cell. We use complex refractive index data for
the blend and calculate the optical absorption in various layers.

In Fig. 2.2 we show the optical absorption in various layers obtained by the TMM
calculations. We use the wavelength dependent complex refractive indices data for
Al, ITO, P3HT and PCBM materials. The input AM 1.5 solar spectrum is shown in
Fig. 2.2(a). The absorption in PHJ cell layers are shown in Fig. 2.2(b). For optical
absorption in BHJ cells we use refractive indices data corresponding to the blend of
the materials. Absorption in BHJ cell is shown in Fig. 2.2(c).

2.3.2

Exciton Transport

Photon absorption creates excitons in the organic materials. Exciton is a tightly
bound electron hole pair (binding energy ∼ 0.1 − 1 eV), which dissociates into free
carriers only at the D-A hetero-interface (or heterojunction). However, if the photo
generated excitons cannot reach the heterojunction during its small lifetime (τex ),
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Fig. 2.3. Exciton concentration profile in the BHJ morphology (a)
The steady state exciton concentration in the phase-segregated morphology is shown by color-coding. Dark blue regions the figure are the
acceptor phase where very less excitons are generated. (b) Spatially
distributed electron/hole pair generation is shown by the bright spots.
Since exciton dissociates only at the inter-facial regions, charges carriers are generated only along those inter-facial boundary lines.

they are lost due to self-recombination. Exciton transport/collection is thus critically dependent on the absorbing layer morphology, which eventually determines the
photocurrent. Since excitons are charge neutral, we model its transport by diffusion
process, with an effective diffusion coefficient (Dex ). We solve the continuity equation (Eq. (2.3) in Table 2.1) for excitons at steady state to determine the exciton
dissociation flux at the D-A interface. We assume exciton concentration at the D-A
interface to be zero as the boundary condition. In recent years, the model for exciton
transport has been generalized to include hopping transport and more complex dissociation dynamics [44, 95], but we adopt a simpler semi-classical approach to capture
the generic impact of morphology on exciton transport. Exciton dissociation creates
a free electron in the acceptor and a free hole in the donor.
In Fig. 2.3(a), we show the steady state exciton density (nex ) in 2D plot with
color coding. We assume excitons are generated only in the donor as most of the
absorption takes place in the donor material. The corresponding exciton dissociation
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Fig. 2.4. Voltage dependent electron/hole density in the BHJ morphology. Actual current calculation is done in 3D; 2D plots are shown
for better illustrations. Electron current flows in the acceptor phase
and hole current flows in the donor phase. Concentration of e/h are
fixed at the metal (electrode) organic interface.

profile for a given D-A morphology is shown in Fig. 2.3(b). Exciton dissociation leads
to the generation of charge carriers (Ge−h ), which takes place only on the interfacial
nodes. The spatially distributed generation rate of charge carriers is shown as bright
spot in Fig. 2.3(b).

2.3.3

Charged Carrier Transport

Transport of the charged carriers (electrons and holes) is modelled by drift-diffusion
formulation (Eq. (2.4-2.7) in Table 2.1). Poisson equation is solved to obtain the electric field, which governs the drift term of the charged carrier transport. The electrical
current from the solar cell is obtained by the self-consistent solution of Poisson and
continuity equations. Generation term in the continuity equation is obtained from
the steady state exciton flux and the recombination term in the continuity equations
is implemented by the bi-molecular recombination process [96] at the D-A interface.
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The boundary conditions for carrier densities at the metal-organic contact are determined by the equilibrium carrier densities (defined by the metal work function and
the HOMO, LUMO energy levels of the organic semiconductors with effective density
of states). Values of all these simulation parameters are tabulated in Table 2.4 and
2.5. Blocking layers are assumed at the respective metal-organic contacts [97]. We
use finite difference method with the well known Scharfetter-Gummel’s discretization
scheme to solve the carrier transport equation in the phase segregated 3D morphology [75].
In Fig. 2.4 we show the morphology resolved carrier density obtained by the
solution of transport equations. Generally, electron current flows in the acceptor
phase and hole current flows in the donor phase. There are some floating regions in
the morphology which do not take part in the current conduction. In the numerical
implementation, we trace all the active interfaces and discard the floating islands.
Thus, the modeling approach is morphology aware and captures the essence of the
nano-morphology on the output characteristics.

2.4

Limitations of the Process-Device Modeling Approach
The process-device co-simulation framework described in this chapter are based

on several assumptions. Below we list down the applicability and the limitations of
the modeling approach:
1. The process model described for the simulation of phase-segregation is based
on phase-field approach, which assumes mean field approximation for the composition (φ) of the respective phases. In reality there will be sharp composition
fluctuation with the phases.
2. The free energy function that we used to describe the organic blend is an approximate description. We have ignored the solvent evaporation effect, substrate
strain effect, etc. Since our goal is to explore the generic impact of morphology
on efficiency of OPV cell, a simpler description of phase segregation based on
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Cahn-Hilliard model is adopted here. However, by appropriately modifying the
free energy function [98], many of the effects can be accounted for in the same
modelling framework.
3. The optical absorption calculation in the active layer of BHJ cell is based upon
effective media approach, where we characterize the D-A blend by a single
refractive index for the different wavelengths of light. Since the refractive indices
of both the donor and acceptor materials are very close, such approach gives
fairly accurate values of absorption in each layer of the cell.
4. Exciton transport is modeled by simple diffusion equation. The charge transfer
(CT) exciton dissociation probability is assumed unity which is an approximation. In reality CT exciton dissociation is voltage dependent. In future work
we plan to carefully investigate the voltage dependent dissociation probability
of the charge transfer excitons.
5. The free carrier recombination at the D-A interface is modeled by the bimolecular recombination mechanism. However, there are recent experimental reports
which support Shockley-Read-Hall (SRH) recombination mechanism [99]. In
future, we will study the exact recombination mechanism at the D-A interface.

2.5

Model Verification: Comparison with Experiment
Given the simulation infrastructure, we explore the performance of the cell as a

function of the process conditions, more specifically anneal duration. It should be
noted that our analysis technique is applicable to any D-A material system, but here
we choose typical values for the model parameters corresponding to the P3HT:PCBM
system to capture the general trends applicable to a broad class of BHJ solar cell.
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Table 2.1
Summary of Model Equations
Process Model
Free Energy Function:
fmix =



kb Ta φ ln φ (1 − φ) ln(1 − φ)
+
+ χφ(1 − φ)
Vsite ND
NA

(2.1)

Cahn-Hilliard(C-H) Equation:


∂fmix
∂φ
= M0 ∇2
− 2κ∇4 φ
∂ta
∂φ

(2.2)

Exciton Transport Model:
Exciton Continuity Equation:
Dex ∇2 nex = Gex − Rex (nex );

Rex = nex /τex

(2.3)

Electron-Hole Transport Model:
Poisson Equation:
∇(ǫr ǫ0 ∇ψ) = −q(nh − ne )

(2.4)

∇Je,h = ∓ (Ge,h (nex ) − Re,h (ne , nh ))

(2.5)

Je,h = qµe,h ne,h ∇ψ ± qDe,h ∇ne,h

(2.6)

Re,h = γ ne nh − n2int

(2.7)

e/h Continuity Equation:

Drift-Diffusion Equation:

Bi-molecular Recombination Equation:
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Table 2.2
Process Parameters
Parameter

Symbol

Value/Units

Composition

φ

0−1

Description
This the composition variable which defines the morphology

Anneal time

ta

min

This the independent variable in the process model,
representing the anneal duration

Anneal temperature

Ta

393 K

The temperature at which
the phase segregation takes
place

Flory Interaction Parameter

χ

0.09

This is interaction parameter between the donor and
the acceptor molecules.

Gradient energy coefficient

κ

10

−11

J/m

It characterize the energy
contribution due to the formation of diffused interface.

Effective material mobility

M0

10

−11

5

mJ

−1 −1

s

This the diffusive mobility
of the organic molecules in
the mixture.

Volume of the reference site

Vsite

10

−29

m

3

This is the reference volume
in the Flory-Huggins lattice
model.

Size of donor molecule

ND

0−1

This is the relative size
of the organic molecule
(donor).

Size of acceptor molecule

NA

0−1

This is the relative size of
the organic molecule (acceptor).
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Table 2.3
Exciton Transport Parameters
Parameter

Symbol

Value/Units

Exciton density

nex

m−3

Description
This is a position dependent variable representing
the steady state exciton
density.

Exciton recombination time

τex

−9

10 s

Exciton self-recombination
time.

Exciton diffusion coefficient

Dex

10−9 m2 /s

Effective

diffusion

coeffi-

cient for the exciton transport
Exciton diffusion length

Lex

10nm

This is the diffusion length
the photo-generated excitons travel in its lifetime.

Exciton recombination rate

Rex

m−3 s−1

This is a position dependent
variable representing exciton self-recombination rate.

Exciton generation rate

Gex

−3 −1

m s

This is a position dependent
variable representing exciton generation rate.
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Table 2.4
Charged Carrier Transport Parameters
Parameter
Carrier density

Symbol

Value/Units

ne,h

m

−3

Description
This is a position dependent variable
representing the e/h density. Generally, electrons flow in the acceptor and
holes flow in donor..

Carrier mobility

µe,h

−4

2

10 cm V

−1 −1

s

Mobility of electrons in the acceptor
material and mobility of holes in the
donor material.

Carrier diffusion coefficient

De,h

kb T
µcm2 /s
q

Diffusion coefficients of electron and
holes in acceptor and donor respectively.

Relative permittivity

ǫr

3

This is the relative permittivity of the
organic materials.

Electro static potential

ψ

V

Current density

Je,h

mA/cm2

This is the electrostatic potential inside
the solar cell.
This is a position dependent variable
representing e/h current density. Electron current flows in acceptor and hole
current in donor.

Carrier recombination rate

Re,h

−3 −1

m s

This is a position dependent variable
representing e/h recombination rate.
e/h recombination takes place only at
the interface.

Recombination strength

γ

3 −1

ms

This is the bimolecular recombination
strength. Carrier recombination takes
place only at the donor acceptor interface.

Carrier generation rate

Ge,h

−3 −1

m s

This is a position dependent variable
representing e/h generation rate. e/h
generation takes place only at the interface.
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Table 2.5
Energy Band Parameters
Parameter

Symbol

Value/Units

Lowest unoccupied molecular orbital (Donor)

LU M OD

3.0eV

Description
The chosen numerical values is for P3HT.

Highest occupied molecular orbital (Donor)

HOM OD

4.9eV

The chosen numerical values is for P3HT.

Lowest unoccupied molecular orbital (Acceptor)

LU M OA

3.7eV

Highest occupied molecular orbital (Acceptor)

HOM OA

6.1eV

The chosen numerical values is for PCBM
The chosen numerical values is for PCBM

Effective density of states

Nc,v

21

10 cm

−3

Number of energy states
available for electron/holes,
at the LUMO/HOMO.

Cathode work function (Al)

φc

3.9eV

The chosen numerical values is for Al.

Anode work function (ITO)

φa

4.7eV

The chosen numerical values is for ITO.
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Fig. 2.5. Process simulation and morphology evolution of BHJ-OPV
cells. (a) Morphology evolution with anneal time. (b) The concentration variation along the 1D cut (the yellow line in the above figure)
is plotted. Here Wint is the width of the diffused interface and WC
is the average cluster size. (c) Average characteristic cluster width
(WC ) grows with anneal time (ta ) according to a power law as shown
in the figure. The evolution of the diffuse interface (Wint ) between the
two polymers with anneal time is shown in the right hand side axis
of the figure. Interfacial width of the stable morphology is around 1
nm.

2.5.1

Time Evolution of Morphology

Fig. 2.5 shows the morphology evolution of the phase segregated BHJ active
layer with anneal duration, obtained by numerical solution of the C-H equation. The
figure illustrates that the annealed morphology contains two distinct phase-segregated
regions, namely the donor phase (defined by φ = φD ∼ 1) and the acceptor phase
(φ = φA ∼ 0). The exact values of φA and φD depends on the details of the free
energy function. There are many experimental evidences [80] based on TEM and
optical microscopy images, that corroborate such anneal time dependent evolution
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Fig. 2.6. I-V characteristics corresponding to various anneal duration
observed in experiment (a) as well as in simulation (b). Note the
similar trend (increase and decrease in current) of the anneal time
dependent I-V in both experiment and simulation.

of morphology. We not only simulate the morphology, but also capture its essential
features by two effective parameters: interface width (Wint ) and average domain size
(WC ). Later we show that the influence of annealing on the device performance can
be intuitively explained as a function of these two parameters (WC , Wint ). Based
on Fig. 2.5a it appears that the geometry of the meso-structure lacks any specific
order/shape, and yet we find that it can be characterized by an average domain
width, hWC (ta )i, that increases systematically with anneal time ta (that eventually
leads to Ostwald ripening [91]). We also find that the interface between the donor
and the acceptor phases is diffuse in nature with a finite width. The width of the
diffuse interface (hWint (ta )i) is defined by the region having composition variation
between φA and φD . Both hWC i and hWint i are crucial in determining the device
performance, and hence they are explicitly defined in Fig. 2.5b with a 1D cut of the
actual morphology. In Fig. 2.5c we show that the time evolution of hWint i saturates
to a fixed width (∼ 1 nm), once the initial stage of phase segregation is complete.
We also find that the growth of hWC (ta )i with anneal duration follows a power law
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Fig. 2.7. Time evolution of the various solar cell performance metrics (efficiency, short circuit current (JSC ), open circuit voltage (VOC ),
and fill-factor ) for organic BHJ solar cells observed in various experiments are plotted in (a-d). The corresponding quantities calculated
by simulation are shown in (e-h). Despite differences in material systems and process conditions, the peak in efficiency and short-circuit
current (a,b), saturation of the open-circuit voltage (d), increase in
fill-factor (d) are universal features shared by all experiments.

(refer to Fig. 2.5c) that stabilizes with constant power-exponent within minutes of
the initiation of the phase separation. This power law is given by the well known
Lifshitz-Slyozov law [100] of phase-segregated D-A blend, i.e.,
hWC i = [Def f ta ]n .

(2.8)

Here, Def f is the effective diffusivity of the organic molecules in the mixture and
n is the cluster growth exponent. Experimentally, the characteristic length scale of
hWC i is interpreted as the inverse of the peak-vector (qmax ) from the light-scattering
experiments [91], i.e., hWC i ∼

2π
.
qmax

Many groups have reported this anneal time

dependent cluster growth (power law, i.e., Eq. (2.8) ) for polymer : fullerene material
system [80], which also validates the numerical implementation of the process model.
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2.6

Applications of Simulation Framework
The process-device co-simulation framework allows us to resolve some of the

long-standing puzzles related to processing conditions and the performance limits
of solution-processed organic solar cells. In particular, we will answer the following
important questions using our simulation framework:
• Why performance of the BHJ cells is critically sensitive to process conditions ?
How to optimize the process variables?
• What is the theoretical optimum morphology and how does it compare with
the random BHJ structures ?
• How does the inherent morphological randomness of BHJ cells affect the cell
variability and lifetime?
In the following subsections we will systematically answer all these questions.
Many of the results and discussion presented in this section are also described in our
published reports [6, 75, 92, 101–104].

2.6.1

Optimum Annealing Condition

Annealing of the BHJ film is an important step in the solution processing of
organic solar cells. The current-voltage characteristics of the cell significantly vary
with the anneal temperature (Ta ) and anneal duration (ta ) as reported in several
experimental studies. Here, we provide the theoretical justification of the annealing
dependent OPV performance.
Anneal Time Dependent I-V Characteristics: In Fig. 2.6 we show the I-V characteristics of P3HT:PCBM based BHJ cells as a function of anneal duration (ta =
4, 10, 20, 100 min) as reported by Zeng et al. [82]. The plot clearly shows significant variation in the current with ta . To explain this observation we simulate the
corresponding current-voltage characteristics using our process-device co-simulation

40
framework. The simulation steps are as follows: First, we simulate the BHJ morphology of the P3HT:PCBM mixture for a particular anneal duration. We then solve
the transport equations Eq.s (2.3-2.7) self-consistently in that morphology. Second,
we calculate the total absorption in the film by optical simulation and evaluate the
average (or uniform) exciton generation profile. Third, the complete current-voltage
(I-V) characteristics is simulated by solving the Eq.s (2.3-2.7) self-consistently in the
simulated BHJ morphology. Finally, this process is repeated for different anneal duration and the results are compared with the experimental I-Vs in Fig. 2.6. We
find that the trends in the I-V curves are similar to the measured I-V characteristics.
Specifically, we note that at the initial phase of annealing, the short current increases
rapidly, but then its magnitude reverses (or reduces) after a certain (optimum) anneal
time. The results from our numerical simulation (see the full I-V characteristics in
Fig. 2.6) obtained by using the process-device co-simulation framework accurately
captures this non-trivial anneal-time dependent reversal of the short-circuit current.
Optimum Anneal Time: To illustrate the variation of short circuit current as
a function of anneal time, we plot the value of JSC obtained by numerical simulation
on a number of morphologies corresponding to different anneal time in Fig. 2.7.
This plot of JSC clearly shows that there is an optimum anneal time which gives
maximum short circuit current. The short-circuit current is low at the initial phase
of annealing because at the beginning the morphology consists of many electrically
isolated islands (Fig. 2.5) and the heterointerfaces between the D-A regions are not
well formed. Therefore, even though these floating islands may be able to dissociate
excitons but the resulting electron hole pairs cannot come out of the cell due to the
lack of percolating pathways to the correct electrode. On the other hand, JSC is
also reduced at longer anneal times due to coarsening of the morphology (Fig. 2.5)
which reduces exciton collection. Due to these counter-balancing trends at short
and long anneal duration, there exists an optimum anneal time for a given material
system and process conditions. The existence of such optimum anneal time for the
maximum short circuit current has been experimentally confirmed by many groups
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[81–83]. Although the exact comparison between theory and experiment is difficult
as the fabrication details vary from experiment to experiment, nonetheless, our work
provides the theoretical foundation of these empirical observations, and can be used
to predict optimum anneal time for a given combination of blend ratio, size of D-A
molecules, anneal temperatures, etc.
Anneal Time Insensitivity of VOC : The rapid reduction in JSC (ta ) for ta > topt
might lead one to speculate that open circuit voltage (VOC (ta )) would correspondingly
reduce with prolonged annealing, given the classical formula of VOC as follows:


kb T
JSC
VOC =
.
(2.9)
ln 1 +
q
J0
However, it is experimentally observed that VOC remains essentially unchanged with

anneal duration (see Fig. 2.7 and ref. [81–83]). With the process-device simulation
framework, we can now explain this puzzling behavior of VOC (see Fig. 2.7 for the
time evolution of VOC ) . As discussed earlier, the main reason for the reduction in JSC
at longer anneal time is the coarsening of the morphology, and a reduction of the D-A
interfacial area. However, since the interfacial recombination is the main mechanism
for the dark current of the cell, the reverse saturation current ( J0 ) also reduces
proportionally with increasing ta . Therefore, VOC remains invariant with anneal
time as the ratio of photo current (JSC ) and reverse saturation current (J0 ) remains
essentially a constant, independent of the coarsening of the morphology. While many
of these features have been reported in literature [81–83], we know of no previous
theoretical interpretation of this well-known empirical observation.
Evolution of Fill Factor and Efficiency with Annealing: The fill factor
(FF) of a solar cell is defined as Pmax /(VOC JSC ), where Pmax is the maximum power
point in the I-V characteristics of the cell. It is well known that the fill factor (FF)
of bulk heterojunction type OPV is generally low, typically in the range of ∼ 0.5 −
0.6. There is, however, no consensus regarding the effect of annealing on FF, as
both increasing as well as decreasing trends have been observed experimentally (see
Ref. [81–83]). Our simulation [see Fig. 2.7] confirms that the low FF (0.5-0.6) is a
characteristic feature of bulk heterojunction OPV. We also find that the FF improves
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with annealing. We believe that this improvement in the FF reflects reduced interface
recombination (Fig. 2.7) associated with coarsening of the film morphology (Fig.
2.5). However, a quantitative analytical model of FF that explicitly relates mobility,
interface recombination, and anneal time will require further work. Finally, in Fig.
2.7. we plot the efficiency of OPV as a function of anneal duration. Since efficiency
= JSC VOC F F/Pin (Pin is input power ∼ 1 kW/m2 ), we note that the efficiency curve
(almost) mirrors the JSC curve as the VOC and FF remain insensitive with annealing.
Thus, this work offers a quantitative explanation regarding the origin of the optimum
anneal time for OPV efficiency reported in the literature.

2.6.2

Optimum Mixing of Organic Molecules

Mixing ratio between the D-A molecules is an important parameter for the fabrication of high performance organic solar cells [39]. Experimentally it has been shown
that for a given D-A material pair, there exist an optimum weight ratio for fabricating
the most efficient cell [39, 78, 79]. The origin of such optimum weight ratio has been
recently explained in terms of the degree of intercalation of the fullerene molecules
in the side chain of donor polymer [39]. In this work, we show that the optimum
weight ratio of organic semiconductors is fundamentally constrained by connectivity
of phases to respective contacts, which could in turn be related to percolation theory in 3D random geometry. In Fig. 2.8, we plot the fractional volume of a given
phase (donor: red; acceptor: blue) connected to the appropriate contact, as a function of the volume fraction of the acceptor phase in the mixture. For example, for
a donor/acceptor volume mixing ratio of 1:2, the “donor blend phase” (red curve)
is fully connected (∼ 1), but the acceptor phase (blue line) forms islands within the
donor phase, and only 60 − 65% of the acceptor volume is actually connected to the
contact. The connectivity maximizes for donor : acceptor ratios of 0.8:1 to 1.25:1,
because both volumes are almost 100% connected to the respective contacts. Further
increase in donor/acceptor ratio leads to island formation for the donors and rapid
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Mixing Ratio = Donor Phase (Red) : Acceptor Phase (Blue)
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Fig. 2.8. Optimum-mixing ratio (by volume) between donor and acceptor materials. By simulation we find that 1:1 phase volume ratio
ensures both the donor and acceptor phases to form continuous (percolating) pathways for charged carriers between the electrodes. In the
figure, VA , VD are the total volume of acceptor phase, donor phase
respectively and VC,A , VC,D are the appropriately connected volume
of the acceptor and donor phases respectively. The shaded area in
the plot shows the desirable volume fraction of the acceptor/donor
phases which ensures almost 100% connectivity for both phases. The
experimentally observed optimum mixing ratios (w/w) falls within
the shaded window after converting the weight ratios into the phase
volume ratios using the formula Eq. (2.10) for the polymers given in
Table D.1

loss of connectivity to the contacts. Fig. 2.8 can be interpreted in a two-component
percolation framework as follows. It is well known that percolation threshold (p3D
c )
for an infinite random system is 0.3 [105], therefore, the donor phase volume ratio
must be smaller than 2:1 to form a bicontinuous film without large number of islands.
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Three additional considerations apply: (1) The real BHJ-OPV cells are neither infinite (thickness ∼ 100 nm), nor random (phase-segregation is correlated), therefore,

pBHJ
∼ 0.2 < p3D
c
c . (2) On the other hand, conductivity at pc is exponentially sup-

∼ 0.4. Finally,
pressed [105], and quasi-ohmic transport is restored only at 2pBHJ
c

(3) light is primarily absorbed in the donor polymer, therefore, it is desirable to have
pD ∼ 0.55 and pA ∼ 0.45. Given these three constraints, it is easy to see why ∼ 1 : 1
volume ratio between the donor and acceptor phase gives near optimum performance,
and moving away from this ratio is so difficult (see Fig. 2.8).
Finally, one can relate the optimum weight ratio between D-A molecules (which is
usually reported in literature) to D-A phase volume ratio using the formula (derivation
of the formula is given in Appendix D):
VD
=
VA



αA − αopt
αopt − αD



(1/ρD + αD /ρA )
(1/ρD + αA /ρA )

(2.10)

where ρD and ρA are density of donor and acceptor molecules, αD , αA , and αopt are
the weight ratios of fullerene (or PCBM) molecules to donor molecules in donor-rich
phase, acceptor-rich phase, and in the active layer respectively. As shown in Table
D.1 (symbols in Fig. 2.8), despite significant variation in D/A weight ratio, the D/A
phase volume ratios are indeed close to those anticipated by the phase connectivity
argument.

2.6.3

Ordered Vs Disordered Morphology

Regularization of morphology is a topic of active research for the efficiency enhancement of organic BHJ cells. Ordered BHJ-OPV cells are generally fabricated
by various top-down approaches (e.g., rod-coil co-polymer, nano-imprint, templating etc.) [106–108], which are more expensive than the conventional solution based
fabrication [20, 76, 77]. Thus, it is important to explore if one could achieve similar
performance gain by optimizing the inexpensive solution based fabrication process.
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With this objective, we compare the performance of different types of D-A morphology as shown in Fig. 2.9.
(a) PHJ

(b) BHJ

(c) OHJ

Fig. 2.9. Three representative OPV morphology: (a) Planar heterojunction, (b) bulk heterojunction, and (c) ordered heterojunction.

Let us first consider how the randomness of the BHJ morphology affects the key
device parameters such as efficiency, JSC , VOC and F F . To quantify the structural
randomness of BHJ-OPV, we generate a series of three dimensional (3D) BHJ morphology for different anneal duration (ta ) and temperature (Ta ); the details of process
simulation are previously described. The initial condition (ta = 0) for simulating the
morphology is a structure with random composition fluctuation around a mean composition value given by the mixing ratio of the D-A molecules. This random initial
condition implies that even if the anneal duration and temperature are identical, the
morphologies generated from different initial conditions will be structurally different.
Thus, the randomness in OPV morphologies has two distinct sources: one comes
from the initial/starting random composition and the other is from process variation
(annealing, mixing, etc.).
In Fig. 2.10 we show the statistical fluctuation in efficiency arising from the
randomness in morphology and process variation. For this analysis we simulate a
series of random morphologies and characterize each of them by the average cluster
size, hWC i. Then we solve the transport equations (for exciton, electron and hole) for
various bias conditions which construct the current-voltage characteristics . Based
on these I-V characteristics so generated (see Chapter 2), we calculate efficiency as
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well as other solar cell parameters such as short circuit current, open circuit voltage
and FF. Once we have simulated the I-V characteristics for a series of structures,
each characterized by its domain width hWC i, we plot the efficiency as a function of
morphology-specific parameter hWC i as open circles in Fig. 2.10(a-d). The scatter
of the points reflects randomness of the morphology resulting from initial conditions
as well as fluctuation in anneal temperature, anneal time, etc. Generally speaking,
we find that BHJ-OPV with the specified parameters (Table 2.2 - 2.5) can achieve
average efficiency of hηi 5.5% with JSC ∼ 14mAcm−2 , VOC ∼ 0.62 V , F F = 0.63 .
These numbers are typical values observed in experiments [24].
Next, we define a series of ordered morphology (OHJ) with the domain width
comparable to the average cluster size of random BHJ cells (hWC i) and domain
height equal to the film thickness (see Fig. 2.9c). Unlike the C-H process model
for BHJ-OPV, these ordered OPV structures are created mechanically with fixed geometric dimensions. In practice, these structures could be fabricated by stamping or
lithography [106–108]. We assume minority carrier blocking at both contacts [97].
We calculate the I-V characteristics of this series of ordered structures using exactly
the same transport equations and boundary conditions as we did for the BHJ-OPV.
Finally, we plot the corresponding quantities of VOC , FF, JSC , and efficiency as a
function of hWC i as solid lines in Fig. 2.10. For completeness, we also plot the solar
cell performance metrics for PHJ cell (dashed lines) in Fig. 2.10.
How does the random OPV compare with the ordered OPV?
First, among the PV parameters, the open circuit voltage is found least sensitive
to morphology and is mainly determined by the material constants (see Fig. 2.10a).
In Fig. 2.10a we plot VOC variation for random BHJ, OHJ and PHJ cells, which
shows that VOC value is almost same for all these morphologies. This insensitivity of
VOC with geometry can be understood from the fact that both JSC and recombination
current are proportional to the interfacial area [75, 103]. Since VOC is determined by
the ratio of these two currents, the interfacial area dependence cancels out and VOC
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Fig. 2.10. Performance comparison of ordered heterojunction (OHJ,
solid line), random bulk heterojunction (BHJ, symbols) and planar
heterojunction (PHJ, dashed line) solar cell. The performance metrics are (a) efficiency (η), (b) short circuit current (JSC ), (c) open
circuit voltage (VOC ), and (d) fill factor (FF). Each scattered symbol corresponds to a particular random morphology (BHJ) with an
average domain size hWC i (x-axis).

becomes insensitive to morphology (detailed discussion on the insensitivity of VOC is
given in Chapter 3).
Second, the fill-factors calculated from numerical simulation for both ordered and
random morphologies are close and vary in the range of 0.55 − 0.65. The experimentally reported F F BHJ values for P3HT: PCBM based BHJ cells are slightly lower

compared to the simulation, typically in the range of ∼ 0.5 − 0.6 [109, 110]. It is

interesting that these FFs are much lower than that of PHJ cell (F F P HJ ∼ .8 in
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Fig. 3b). There are many experimental evidences for this higher FF of PHJ cells,
where typically F F P HJ is measured in the range of ∼ (0.6 − 0.7) [111]. Although
specific values are slightly different, our conclusion of higher FF for PHJ geometry
compared to the random BHJ/OHJ structures is broadly consistent with experiment.
We attribute the lower FF of BHJ/OHJ cells to the higher intrinsic series resistance
associated with the percolating paths of the device. Among the various OPV structures, the average carrier extraction length in PHJ is the lowest and hence it offers
the lowest intrinsic series resistance, which makes its FF higher than BHJ/OHJ OPV.
Third, we find that the real advantage of OHJ morphology over the random BHJ
structures lies in the enhancement of short circuit current (see Fig. 2.10c) for smaller
hWC i (or early anneal phase) . More fundamentally, this higher JSC of ordered cells
for lower hWC i arises from the fact that the ordered morphology operates above the
percolation threshold for all domain width hWC i and volume ratio of the polymers.
Thus, the generated charge carriers always find continuous pathways for coming out
of the cell. For random BHJ cells, at the early phase of annealing (this corresponds
to the lower value of hWC i in Fig. 2.10), the active layer contains more number of
floating islands of D/A phases and the heterointerfaces between the D-A regions are
not well formed. Hence JSC of BHJ cells is lower compared to OHJ cells for smaller
hWC i as shown in Fig. 2.10c (detailed discussion of annealing effect on the JSC of
BHJ cell is given in earlier Section). We find that with proper D-A mixing ratio
(1:1 for P3HT-PCBM system) both the donor and acceptor phase volume exceeds
the percolation threshold (33% in 3D geometry [112]) and form perfect percolation
path with negligible loss of active volume to floating islands. Thus, JSC of BHJ cells
approaches the corresponding value of OHJ cells for larger hWC i (or late annealing
phase).
Since VOC and FF of both OHJ and BHJ cells are similar, the efficiency comparison
follows the analogous trend of JSC as shown in Fig. 2.10d. The figure clearly shows
that efficiency of random BHJ cells is very close to the corresponding perfectly ordered
(ideal) structures. Thus, the plot confirms that there is no fundamental limitation
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related to morphology arising from the inexpensive solution-based processing of BHJ
cells, provided that the process variables such as mixing ratio, anneal temperature,
anneal duration, etc. have been chosen optimally. Note that even though we have
attributed the simulated BHJ morphology as random, the morphology evolution is
governed by the C-H equation and hence it not absolutely a random combination of
D-A clusters. The percolation threshold in this class of morphology is thus even lower
than 33% (true for purely random 3D grid space [112]) since the distribution of D-A
clusters are correlated to each other by the C-H formalism [113].

2.6.4

Optimum Morphology and Performance Gain

In this subsection we will explore the fundamental theoretical question of optimum
structure of polymer-based BHJ-OPV cells and the limits of the efficiency improvement with such optimum morphology. The discussion in the previous section clearly
indicates that it is hardly possible to achieve further improvement in JSC and VOC only
by engineering the morphology. Because VOC is morphology insensitive and JSC is almost optimal for average domain width hWC i ∼ Lex . Thus, FF is the only parameter
through which efficiency can be enhanced by morphology engineering. In Fig. 2.11a
we show an inter-penetrating fin-like structure (Fin-OPV), which optimizes the FF
without affecting the VOC and JSC and thus maximizes the OPV efficiency. However,
the dimensions of the Fin-OPV need to be optimized as a function of the transport
parameters such as exciton diffusion length, mobility and the recombination strength.
As shown in the Fig. 2.11a, the Fin-OPV has four independent geometrical dimensions: namely, the donor fin width (WD ), acceptor fin width (WA ), donor offset height
(HD ) and acceptor offset height (HA ). For simplicity, we assume the structure is symmetric with equal volume of donor and acceptor material, so that WA = WD = Wf in
1
and HA = HD = (Tf ilm − Hf in ), with two independent variables of fin height (Hf in )
2
and fin width (Wf in ) available for optimization. The general problem of optimizing
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Fig. 2.11. Design rules for fabricating the optimum morphology (FINOPV). (a) The structure of the optimum morphology. For Hf in = 0
the structure corresponds to PHJ cell and for Hf in = Tf ilm , it is
OHJ. (b) Efficiency variation of FIN-OPV is plotted for the various
fin heights. The fin width is kept fixed to the value of Wf in = 1.5Lex .
We find optimum fin height to be Hf in (opt) ∼ Tf ilm − ζLex , where ζ
is a number in the range (1 < ζ < 2). The variation of other solar cell
performance metrics, i.e., JSC , VOC and FF are plotted in (c), (d), (e)
respectively

partially ordered OPV with unequal volume fraction is left as an open problem for
future work.
The proposed fin-like morphology in Fig. 2.11a unifies both the PHJ (Hf in = 0)
and the fully ordered (Hf in = Tf ilm ) structure within a common geometrical construct. The reason for the existence of an optimum fin height is as follows: the PHJ
structure is excellent for charge carrier transport, but has a very poor efficiency for
exciton collection. On the other hand, the ordered BHJ collects almost all the excitons, but the longer carrier extraction length increases “series” resistance. Therefore,
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the ordered structure is non-optimal for the charge transport. The fin-like morphology balances the two desirable properties of OPV: excellent carrier transport in the
PHJ cell and the exciton collection property of ordered cell. In Fig. 2.11b, we plot
the efficiency of FIN-OPV as a function of fin height. The figure clearly shows that
the maximum efficiency is close to ηmax ∼ 6.5%, corresponding to Hf in (opt) ∼ 75 nm
. The optimum fin dimension and the corresponding efficiency depend on material
parameters such as mobility and recombination constant at the interface. In general,
Hf in (opt) ∼ Tf lim − ζLex , where ζ is a number in the range (1 < ζ < 2) depending
on the values of the transport parameters like Lex , µ and γ (typical values are given
in Table 2.2 - 2.5). The choice of hWC i depends primarily on the efficient exciton
collection, which is guaranteed if Wf in ∼ Lex , consistent with results in Fig. 2.10d.
Given the transport parameters, the PHJ OPVs (η ∼ 3.5%) are far from optimal, a
well known result for traditional material systems [111].

2.6.5

Performance Limits with Improved Transport Properties

In this section, we explore the efficiency limits of OPV with respect to improved
mobility. A number of recent publications have suggested the possibility of enhancing
the mobility by increasing the nano-scale crystallinity [114] and percolation doping of
the polymer film [115–117]. Thus, it is important to study the effect of the improved
mobility on the efficiency gain/limits of OPV cells. In Fig. 2.12, we plot the efficiency
enhancement for both PHJ and OHJ cells with improved mobility. The corresponding
performance metrics, i.e., JSC , VOC and FF are also plotted in Fig. 2.12. Remarkably,
we find that increasing material mobility improves the efficiency to ∼ 8% for P3HT
like polymer whose material parameters are summarized in Table 2.5. However,
beyond a critical value of µ ∼ 10−2 cm2 /V s, further improvement in mobility is not
reflected in higher efficiency of the cell. The initial improvement in efficiency with
high carrier mobility can be traced to the significant improvement in FF, see Fig.
2.12d. Since the FF improvement saturates to a value of 85% with µ ∼ 10−2 cm2 /V s,
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Fig. 2.12. Effect of improved carrier mobility on various solar cell
performance metrics: (a) efficiency (η), (b) short circuit current (JSC ),
(c) open circuit voltage (VOC ), and (d) fill factor (FF).

any further improvement in mobility does not increase the cell efficiency. However,
the current material systems have µ ∼ 10−4 - 10−3 cm2 /V s , with the corresponding
FF of 0.4-0.6 [109]. Therefore, improvement in mobility is still an important research
objective for achieving higher FF and cell efficiency.

2.6.6

Random Morphology and Performance Variability

Here we analyze the performance variability of random BHJ cell for a series of
3D morphologies. Fig. 2.10 might suggest that the efficiency of the random BHJ
cells could vary considerably ( 1% in absolute unit) depending on the cluster size and
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Fig. 2.13. Dependence of performance variability with device area. Efficiency corresponding to 100 different morphologies is plotted against
the average cluster/domain sizes. The three subplots correspond to
three different cell areas (increasing order) with same film thickness
(red). The plot shows that with increasing cell area, the variability in
efficiency for the same domain/cluster size narrows down.

structural randomness. This variability in efficiency is mainly due to the structural
randomness originated from the initial composition. However, we find that the scatter
in efficiency reflects finite size of the simulation domain, i.e., 100 nm x 100 nm x 100
nm. In Fig. 2.13, we plot the efficiency variation for the structures with the same
thickness but increasing area, which shows that the spread in efficiency decreases
monotonically with larger cell area. Thus, even for the smallest practical device
dimensions (e.g., 1 mm x 1 mm x 100 nm), such spread in efficiency disappears and
only the mean efficiency will be realized. Hence the main conclusion of this study
is that the inherent structural randomness of BHJ cells is not a concern for the
performance variability of BHJ-OPVs. It is important to note that a 2D analysis of
such geometrical randomness overestimates the performance variability of BHJ-OPV
[102] because the 2D percolation threshold of 50% incorrectly suggests significant
number of floating islands even for 1:1 mixing ratio (by volume). However, for the
large area cells (fabricated by roll-to-roll or other technique), there will be extrinsic
variation in process parameters such as anneal temperature, mixing ratio etc., which
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will lead to variation in average cluster size hWC i (and hence efficiency) among the
cells. This extrinsic process variation might induce significant performance variability
even for a large area cells. Other sources for variability in performance can arise from
metal deposition and shunt formation [118], variability in the thickness of the blocking
layers, etc. Thus, performance variability for BHJ cells remains a significant concern
for achieving higher panel/module efficiency, even though our analysis shows that
intrinsic morphological randomness does not contribute to this variability.

2.7

Conclusion
In summary, we have developed a conceptual and computational framework to

connect process conditions to the ultimate device performance for organic solar cells.
This generalized framework allows us to interpret successfully the effects of annealing
on the various performance metrics of solar cell and provides an optimization platform
for the annealing step in device fabrication. Based on the simulation framework, we
have the following major conclusions:
1. We find that the active layer morphology is a strong function of the various process variables, e.g., mixing ratio, annealing duration and temperature. Since the
performance of the OPV cell is strongly tied with the underlying morphology,
the precise control of these process variables is essential for fabricating high
efficiency OPV cells.
2. We have explained the origin of the optimum anneal duration. We find that at
the initial phase of annealing, the absorbing layer morphology contains electrically isolated islands, which cannot contribute to current conduction. Further,
at the heterojunctions in the morphology are not well-formed at the beginning
of the annealing process. Due to these reasons photo current is less from a
cell fabricated with low or no annealing. On the other side, longer annealing
coarsen donor-acceptor phases more than the exciton diffusion length, which
reduces the photo current due to lower exciton collection.
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3. We show that the efficiency of the solution-processed BHJ cells (with random
morphology) is very close to the perfectly ordered structures, which suggests
that the inexpensive solution based processing of BHJ cells imposes no inherent
limitation on the cell efficiency (associated with morphology) compared to the
ordered OPV cells fabricated by more expensive techniques.
4. We find that the inherent structural randomness of solution-processed BHJ cells
is not a concern for the performance variability of large-area cells. However,
precise control of process variables remains a significant concern for extrinsic
performance variability of OPV.
In this chapter we have numerically analyzed the performance of BHJ based OPV
cells. In the next chapter, we develop analytical compact models for current-voltage
characteristics of BHJ cells by utilizing the insights gained from numerical simulation.
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3. ANALYTICAL THEORY FOR THE COMPLEX
MORPHOLOGY
3.1

Introduction: Review on Existing OPV Models
As discussed in the previous chapter, organic bulk heterojunction (BHJ) cells

consists of two different semiconductors, commonly known as donor (D, P-type) and
acceptor(A, N-type). Unlike conventional PN junction based inorganic solar cells, the
interface between D-A materials in BHJ cell is disordered and distributed throughout
the volume of light absorbing layer. This distributed interface enables efficient charge
generation, but at the expense of increased interfacial recombination loss [55, 119].
Moreover, the interface morphology of the cell is statistically and temporally random, so that it varies with fabrication as well as operating condition [20]. Thus,
establishing functional relationship between morphology and performance is essential
for the physical interpretation of measured data, process optimization and reliability
prediction.
Current voltage (I-V) characteristics of BHJ-OPV are often modeled using the
effective media approximation (EMA) [49, 50, 120]. The EMA model assumes that
D-A materials are homogeneously mixed(at the length scale of interest), and the
mixture can be viewed as a new semiconductor characterized by effective band gap
(typically the cross gap between the D-A materials), mobility and recombination
time, etc. Such models are useful for the analysis or fitting a given data set but they
do not contain any notion of morphology and hence cannot be used as morphologyaware predictive models. Apart from EMA, other modeling techniques for BHJ-OPV
relies on the generalized Shockley equation derived for PN junction type devices
[121–124]. The physics of HJ based organic solar cell is, however, inherently different
from PN junction devices, and hence the classical approach generally fails to give
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correct physical interpretation of measured data. In short, there is no comprehensive
geometro-physical models for BHJ-OPV in the literature.
For bilayer or planar heterojunction (PHJ) devices, recently Giebink et al. [125]
have analytically modeled the current voltage characteristics. They derived the solar
cell I-V equation based on bimolecular recombination and voltage dependent exciton
dissociation at the D-A interface. Since this model can be generalized to BHJ-OPV,
we begin this chapter with a brief discussion of their model (details in ref [125]).

J

P HJ

=

J0P HJ



exp



qV
n r kb T





P HJ
− 1 − qηex (V )Jex
.

(3.1)

The first term in the right hand side of Eq. (3.1) is the dark current for the
P HJ
PHJ diode and the second term represents the photo current (Jph
). The variables

in the equation are: J0P HJ is the dark saturation current, nr is the diode ideality
P HJ
factor, ηex is the charge transfer exciton dissociation probability and Jex
is the

exciton current density diffusing to the interface. The model by Giebink et al. [125]
is physical and correctly accounts for the heterojunction physics. However, there are
certain limitations in the model as discussed below:
1. The Eq. (3.1) is derived for uniform planner junction structure and hence
cannot be applied directly to BHJ cells with complex interfacial morphology.
2. The photocurrent term in Eq. (3.1) considers only exciton dissociation probability (ηex ) and ignores free carrier recombination (or charge collection efficiency)
P HJ
.
which is also a fundamental component in the Jph

3. The dark current term in Eq. (3.1) is applicable only for lower voltages. At
higher voltages, current is no longer exponential as it will be limited by intrinsic
device resistances.
In the following sections, we modify the bi-layer model developed by Giebink
et al. by addressing all the limitations stated above. We then generalize the bilayer model by considering the effect of complex morphology and make the model
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Fig. 3.1. (a) The energy band diagram for PHJ cell whose device
structure is shown in (b). (c) Electron (n) and hole (p) concentration
profile in the cell for different bias voltages.

applicable for the disordered BHJ cell. Our approach for including the effects of
morphology is based on equivalent geometric transformation to establish a functional
dependence of the BHJ interfacial area (ABHJ ) on the photocurrent. Finally, we
apply the morphology-aware analytical models to establish the fundamental limits of
performance and reliability of BHJ based OPV cells. (Many of the materials discussed
in this chapter have been published in the following journal articles: [6, 126]).
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3.2

Analytical I-V Models for PHJ Cells

3.2.1

Dark Current

We first derive the analytical expression of dark current for PHJ devices as discussed in ref [125]) and then we will extend the derivation for more complex BHJ
devices. Fig. 3.1a shows the device structure of PHJ cell and Fig. 3.1b shows the
corresponding band diagram. The diode dark current is derived with the following
assumptions:
1. Under dark condition, free charge carriers are injected in the semiconductor
by the respective contacts. Specifically, electrons are injected in acceptor and
holes are in donor. We neglect minority carrier injection in D/A regions. This
is a good assumption in this D-A HJ device, because carriers cannot cross the
potential barrier at the HJ (see Fig. 3.1a) since the energy offset is quite high
(∆E ∼ 1 V).
2. As a result of zero minority carrier injection, current conduction in D/A regions
can be assumed unipolar, meaning only electron flows in A and only hole flows
in D. This assumption is verified by detailed numerical simulation in Fig. 3.1c,
where it is shown that minority carrier concentration in the respective material
(hole in acceptor and electrons in donor) is almost zero.
3. Lack of minority carriers in the respective semiconductor ensures that charge
recombination can be neglected in the bulk of D/A regions.
4. Carrier recombination is calculated only at the donor/acceptor interface or at
the heterojunction. A finite width (Wint ∼ 1nm) of the interface is assumed
and recombination is assumed uniform within the interface. Bi-molecular recombination mechanism is assumed [96].
5. For low carrier injection by the contact, it is assumed that the quasi-fermi levels
for electrons(φn ) and holes (φp ) remains flat and electric field is assumed con-

60
stant throughout the device. These assumptions are also validated by numerical
simulations.
Given the assumptions, the diode dark current can be expressed exclusively as the
total recombination current at the interface, i.e.,

P HJ
Jdark
= qγ nI pI − n2int Wint .

(3.2)

Here γ is the bi-molecular recombination coefficient, nint is the intrinsic carrier concentration at the interface, nI and pI are the electron and hole density at the interface. By assumption (5) the carrier density at the interface(nI , pI ) and at the contact
(nc , pc ) are related as follows:

qζA (V − Vbi )
,
nI = nc exp
kb T


qζD (V − Vbi )
pI = pc exp
,
kb T


(3.3)
(3.4)

where Vbi is the built in potential due to the work function difference between the
electrodes, ζD = TD /Tf ilm is the fraction of voltage drop in donor and ζA = TA /Tf ilm
is the fraction of voltage drop in acceptor, and Tf ilm = TD + TA as shown in Fig. 3.1.
The carrier densities at the contact (nc , pc ) are constants determined by the density of
states, electrode work function and the HOMO, LUMO levels of the organic materials
as discussed in Chapter 2. Using Eqs. (3.2), (3.3) and (3.4) the expression for dark
current can be written as

P HJ
Jdark



qV
− 1 Wint ,
exp
=
n r kb T




qV
P HJ
= J0
exp
−1 .
n r kb T
qγn2int





In the above derivation, we utilize the relationship nc pc =

n2int

exp

(3.5)
(3.6)


qVbi
kb T



. The diode

ideality factor, according to the above derivation, is unity, i.e., nr = 1. However, for
trap assisted recombination at the interface nr can be more than 1.
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Fig. 3.2. (a) Energy band diagram with the different carrier fluxes
(arrows) at the interface. (b) The voltage dependence of various current fluxes, which construct the current-voltage (J-V) characteristics.
The current components are: charge generation rate at the interface
(Jq ), generation dependent recombination current (Jrec ), dark or injection current (Jdark ) and the photocurrent (Jph ). (c) Carrier density
(electrons (black) and holes (red)) across the device. Carriers pile up
at the interface in low-mobility materials.

3.2.2

Photocurrent

Photocurrent in a solar cell is defined as [127]

Jph = |Jlight | − Jdark ,

(3.7)

where Jlight is the current under light illumination and Jdark is the current under
dark conditions. Historically, the voltage dependence of the Jph in organic solar cell
has been modeled by the field-enhanced separation of charge transfer (CT) excitons
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into free carriers [27]. The free charges generated after the dissociation of CT excitons
can again recombine at the D-A interface, further reducing the photocurrent with the
applied bias. Recent experimental findings, however, show that charge generation is
nearly field independent and the voltage-dependence of the photocurrent (and hence
the FF) is essentially dictated by the recombination of the free charges at the DA interfaces [53, 55, 63, 128–130]. In the following paragraph, we model the voltage
dependence of photocurrent arising from the recombination of the free charges.
The arrows in the energy band diagram of PHJ-OPV cell in Fig. 3.2a define the
various current fluxes operating in an organic solar cell. The voltage dependence for
each of these current components is depicted in Fig. 3.2b. The exciton diffusion
flux (Jex ) at the D-A interface is determined by the photon absorption and the exciton diffusion length (Lex ). Since excitons are charge neutral, Jex is independent of
voltage. The charge generation rate (Jq ) depends on the efficiency of (CT) exciton
dissociation (ηex ) by the bulk electric field i.e., Jq = qηex (V )Jex . The photocurrent
Jph (V ) collected by the contact will be further reduced compared to the Jq due to
the interfacial charge recombination (Jrec ). Using the flux balance condition at the
interface as shown in Fig. 3.2a, one can write

Jq = qηex (V )Jex = Jph (V ) + Jrec (V ).

(3.8)

The photocurrent (Jph ) is primarily drift current and it is proportional to the
mobility (µ) of the charge carriers, i.e., Jph ∼ qµEnI . Here, nI is the electron density
(or hole density if calculated in donor side) at the interface; E is the electric field
at the interface, which is approximately given by E = (Vbi − V )/Tf ilm , where Vbi is
the built-in potential, and Tf ilm is the thickness of the active layer. Photocurrent
calculated at the interface remains same throughout the device since the recombination in the bulk is negligible. The recombination at the interface can be written as
Jrec = q(nI /τ )Wint , where τ is the effective recombination time determined by the
recombination mechanism (e.g., bimolecular or SRH). Eq. (3.8) can now be rewritten
as
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Jph (V ) =

µτ E
Jq = ηrec (V )ηex (V )Jex .
µτ E + Wint

(3.9)

Eq. 3.9 above clearly shows that even if the dissociation of CT excitons is perfect
(i.e., ηex = 1), which is indeed the case as confirmed by many recent experiments
[53, 55, 63, 128–130], the voltage dependence in the photocurrent will still arise due to
the charge recombination factor given by ηrec Eq. (3.9) also illustrates the fact that
if the µτ product is high, the recombination factor would approach unity, making
the photocurrent (almost) independent of applied voltage, which will in turn improve
fill factor. With typical mobility values, however, the free carrier recombination is
significant due to the charge pile up at the interface as illustrated in Fig. 3.2c. Thus,
free carrier recombination lowers Jph significantly; making the OPV fill factor much
poorer compared to other PV technologies.
Taken together the Eq. (3.9) and Eq. (3.6), the light J-V characteristics of a PHJ
cell is given by

P HJ
= Jdark − Jph ,
Jlight




qV
P HJ
− 1 − ηrec (V )ηex (V )Jex .
exp
= J0
n r kb T

(3.10)
(3.11)

Although the Eq. (3.10) is similar to Eq. (3.1), we emphasize the distinct physical
picture used to derive Eq. (3.10). Our derivation emphasize the voltage dependence
of free carrier recombination and swept-out dynamics (ηrec ) instead of the traditional
Onsager-Braun model for the dissociation efficiency of ηex .

3.3

Analytical I-V Models for BHJ Cells
We now extend the analytical models of J-V characteristics to more complex BHJ

cells. Fig. 3.3a shows a typical BHJ cell morphology, where blue regions are acceptor
rich phase and red regions are donor rich phase. Even though the BHJ morphology
appears to consist of completely randomly distributed of D-A domains, numerical
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Fig. 3.3. (a) BHJ type OPV cell. The active layer morphology is generated by numerical simulation. WC is the average domain size in the
structure. (b) Equivalent geometrical transform of the complicated
BHJ morphology. The width of the transformed rectangle is same as
WC of BHJ morphology.

simulations show that a characteristic average domain size (WC ) characterize the
morphology. We utilize this property of the morphology to propose a simplified but
equivalent geometrical transformation as illustrated in Fig. 3.3b. The rule of the
transform is the fact that volume of the D-A phases should remain same while the
width of the transformed rectangle is chosen same as WC . Note that the transform
is utilized only for solving exciton diffusion equation to find the JSC . The charge
extraction path in the transformed geometry is smaller than in the actual BHJ cell
and hence this transform based solution will overestimate the FF of the device. The
transform is again accurate at the open circuit condition, since VOC is relatively
insensitive to morphology as discussed in details in the following sections. Below we
will utilize this transform to derive the J-V characteristics of BHJ cells.
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3.3.1

Morphology Dependent Dark Current

As discussed in the previous section, dark current in the PHJ based OPV cells is
dictated by the recombination at D-A interfaces. For PHJ cells, it was a simple plane
parallel to the electrode and we derived the carrier density at that plane by Eq. (3.3)
and (3.4). For BHJ cells, however, this D-A interface is not uniform, but randomly
distributed throughout the volume of the active layer. And we need to integrate the
recombination current density over the entire interfacial area (ABHJ ) to calculate the
BHJ
total dark current (Irec
). Mathematically,

BHJ
Irec

= qγWint

Z Z

nI pI dS.

(3.12)

Evaluating this integral analytically over the complex BHJ morphology appears to
be impossible, but a remarkable insight from the 3D numerical simulation, as shown
in Fig. 3.4, simplifies this integral greatly. By numerical simulation of carrier density
inside the BHJ morphology, we find that regardless the complexity of the interfacial
structure, the nI pI product (subscript “I” stands for inter-facial nodes) is position
invariant and can be expressed as follows:

nI pI dS =

n2int

exp



qV
n r kb T



.

(3.13)

This remarkable property of carrier densities in the BHJ structure allows us to
solve the integral equation (Eq. (3.12)) analytically as follows:
BHJ
Irec

=

qγWint n2int

exp



qV
n r kb T



ABHJ .

(3.14)

Thus, the corresponding expression for the dark current density in BHJ cells can
be expressed in terms of PHJ cell as shown below:
BHJ
Jdark

where α =

ABHJ
AP HJ


ABHJ P HJ
P HJ
I
= αJdark
,
=
AP HJ dark


(3.15)

is the amplification factor corresponding to the higher inter-facial

area of BHJ cells compared to the PHJ cells. Note that in the dark current derivation
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Fig. 3.4. (a) Carrier distribution in the BHJ morphology is plotted
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BHJ
derivation in the
we have not used the geometric transformation. However, for Jph

next section, we will utilize the transformation.

3.3.2

Morphology Dependent Photocurrent

Photocurrent in any solar cell is proportional to the charge generation rate, which
is critically dependent on D-A morphology in case of organic solar cells [6, 103, 126].
It is generally assumed that exciton diffusion dynamics dictates the charge generation
rate (denoted as Jq in Fig. 3.2) in HJ based OPV cells. In Chapter 2 we have numerically solved the exciton diffusion equation (Eq. (2.3)) in the complex morphology
to calculate the net charge generation rate. Here we will solve the same equation
analytically.
Charge generation rate in PHJ cell (JqP HJ ) can be accurately calculated by solving
1D exciton diffusion equation assuming exciton concentration to be zero at the D-A
interface. Thus,
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JqP HJ

= qηex Gex Lex tanh



TD
Lex



,

(3.16)

where Gex is the effective exciton generation rate (for details see Monestier et al. [48])
and TD (≡ ηD Tf ilm ) is the thickness of the donor layer (Fig. 3.1a) with ηD being the
donor volume fraction in the active layer of film thickness Tf ilm . Note that there is
no area dependent term in the above equation since in a PHJ cell, illumination area
cancels out with the HJ area (i.e AL = AP HJ ).
Expression for charge generation rate in BHJ cell (JqBHJ ) depends on analytical
solution of exciton diffusion on 3D complex morphology. We utilize the equivalent
geometrical transform (Fig. 3.3) for this purpose. Since exciton diffusion is a local
property, hence such transform based solution properly describe the exact solution as
verified by detailed numerical solution. On the equivalent transformed morphology,
the result for PHJ-OPVs (Eq. (3.16)) can be used to obtain:

JqBHJ




hWC i
ABHJ
tanh
,
= qηex Gex Lex
AP HJ
2Lex




ηD Tf ilm AP HJ
ABHJ
tanh
,
= qηex Gex Lex
AP HJ
Lex ABHJ


= JqP HJ fG (α) .

(3.17a)
(3.17b)
(3.17c)

Eq. (3.17b) utilises the fact that volume of the donor phase for both transformed geometry and the original structure are the same, i.e., VD = ηD Tf ilm AP HJ =

hWC iABHJ
.
2

In Eq. (3.17c), fG (α) is a geometric amplification function, which encapsulates the
improvement in Jph of BHJ-OPVs over PHJ-OPVs and α = ABHJ /AP HJ is the area
amplification factor. Note that fG is exclusively determined by active layer geometry
as shown below:

�
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Fig. 3.5. The geometric amplification function fG (ABHJ ) is plotted.
Note that for ABHJ ≫ AP HJ , the function fG saturates to a fixed
value given by ηD Tf lim /Lex .

 
λ
fG (α) = α tanh
/ tanh (λ) ,
α

(3.18a)

=1

f or

α = 1,

(3.18b)

≈α

f or

1 < α < λ,

(3.18c)

≈λ

f or

α ≫ λ.

(3.18d)

In the above equations λ = ηD Tf ilm /Lex . PHJ-OPV can be viewed as a limiting
case of BHJ-OPV, i.e., ABHJ = AP HJ , so that α = 1 and fG = 1, i.e., there is
no amplification. For a typical BHJ morphology Eq. (3.18c) holds good, which
explains the dramatic improvement of Jph by BHJ-OPV morphology (see Fig. 3.5 for
the plot of fG as a function of α). Eq. (3.17c) thus nicely separates the geometry
P HJ
BHJ
dependence (fG ) and the voltage dependence (Jph
) in the Jph
. Thus, it completes

the photocurrent derivation of BHJ cells.
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Fig. 3.6. (a) Reverse saturation current (pre-factor in dark current
BHJ
expression) (b) short circuit current (JSC
= Jph (V = 0)) of BHJ
cell is plotted against total D-A interfacial area (ABHJ ), divided by
corresponding PHJ cell area (AP HJ ). Symbols are numerical results
and solid lines represent the analytical results.

3.4

Model Validation and Discussion
To validate Eq. (3.15) and (3.17c) numerically, we simulate a series of random

BHJ morphologies by phase field approach and extract the interfacial area ABHJ
directly from the simulated morphologies. The Jdark and Jph for each such structure
are simulated by solving the coupled transport equations (based on drift-diffusion
formalism) for excitons, electrons and holes. Details of the process-device simulation
methodology are given in ref. [75]. Fig. 3.6 shows remarkably good agreement between
numerical and analytical results over broad range of morphologies.
Eq. (3.17a) offer intuitive interpretation of several puzzling features of BHJ-OPVs
observed during annealing (or thermal) experiments. Experimentally it is well established that longer annealing reduces the short circuit current (JSC = Jph (V = 0))
[81–83]. Eq. (3.17c) attributes the reduction of JSC to the coarsening (Oswald ripening) of the phase-segregated morphology [38,80] and the reduction in total interfacial
area (ABHJ ). This effect reduces the geometrical amplification factor and hence JSC .
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Similarly, the counterintuitive insensitivity of VOC with morphology coarsening is
explained by Eq. (3.17c) and (3.21) (more details on VOC is given in next section).
Since both the photocurrent, Eq. (3.17c) and the recombination current, Eq. (3.21),
BHJ
are proportional to the interfacial area, VOC
(which depends on the ratio of these two

currents) remains insensitive to morphology evolution. We, therefore, conclude that
the analytical results regarding the morphology dependence on J-V characteristics are
broadly consistent with available experimental results(regardless of the morphologyengineering or process-details). Note that the single parameter (ABHJ ) description of
the complex morphology is obviously an approximation (appropriate for films with
relatively few islands), the approach nonetheless allows us to establish the upperlimits of the OPV metrics and explain a number of counterintuitive features of the
experiments in an intuitively simple manner.

3.5

Application of Analytical Models

3.5.1

Upper Limits on Open Circuit Voltage

Even though the BHJ-OPV improves JSC , remarkably it does not seem to have
much effect on VOC . Thus, until recent development, there had been many research
efforts on improving the VOC of BHJ cells by engineering the morphology with nanoimprint, templating, etc. In this section, we utilize the analytical models to prove that
any effort to radically improve VOC by tailoring bulk heterojunction (BHJ) morpholBHJ
ogy is futile, because the upper limit of VOC
cannot exceed that of the corresponding

planar heterojunction (PHJ) devices, i.e.,
BHJ
P HJ
VOC
≤ VOC
.

(3.19)

Empirically, it is known that the maximum limit of VOC is a material dependent
parameter, which is determined either by electrode work function difference or by
the HOMO-LUMO gap (∆EHL ) between the donor and acceptor materials, or a
combination thereof. Analytical expressions for VOC have also been derived, i.e.,
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VOC




γNA ND
= ∆EHL − nr kb T ln
.
Jph

(3.20)

Here the first term gives the maximum limit of VOC and the last term captures
the influence of light intensity (Jph ) and recombination strength (γ). The other terms
in Eq. (3.20) are: nr is the diode ideality factor, ND (or NA ) is the effective density
of states in donor (or acceptor). Eq. (3.20), however, cannot differentiate between
two devices with completely different morphologies, because the analytical models in
the literature are derived either with the assumption of PHJ devices or with effective
intrinsic media approximation, and hence contain no notion of morphology.
BHJ
In the following sections, we model VOC
as an explicit function of integrated D/A

interfacial area (ABHJ ), regardless of the process details ( templating, annealing, etc.)
or the shape of the morphology (e.g. planar, random or regular). Our results establish
BHJ
the fundamental limit of VOC
achievable by morphology engineering and highlight
BHJ
BHJ
the trade-off between JSC
and VOC
in optimizing cell efficiency. We validate the

analytical results numerically by using full 3D coupled exciton-electron-hole driftdiffusion transport in the phase segregated random morphology of BHJ-OPVs and
consistently explain a broad range of experimental observations within the analytical
framework.
BHJ
Derivation of VOC
Emphasizing Morphology Dependence:

At the open circuit condition, the recombination current density (Jrec ) cancels
the photo-generation current density (Jq ∼ Jph (V = 0)), making the net current
zero. The zero current condition at VOC implies constant electro-chemical potential
(or quasifermi level, φn,p ) throughout the device, given the fact that carrier transport
is unipolar in D/A regions. Thus, the approximation of flat quasi-fermi levels utilized
for dark or photocurrent derivation is in fact exact at the open circuit condition.
Thus, at open circuit condition, (φp − φn ) = VOC . Following the same procedure to
calculate the dark current, the recombination current at VOC for BHJ-OPV is given
by
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BHJ
Jrec

= qγWint

Z Z

nI pI dS =

qγWint n2int

exp



BHJ
qVOC
n r kb T



ABHJ
.
AP HJ

(3.21)

This ability to evaluate the complex surface integral over arbitrary morphology as
BHJ
a trivial sum over inter-facial area makes analytical calculation of VOC
possible.

Eq. (3.21) assumes that the minority carrier blocking layers (below the contacts) will
prevent carrier recombination (or carrier escape) at the wrong metal-organic contacts.
BHJ
BHJ
The expression of VOC
is derived from the condition of Jrec
(VOC ) = JqBHJ ,

given the fact that the recombination at short circuit condition (or V = 0) is generally
negligible. Combining Eq. (3.17c) and (3.21), we find

BHJ
VOC

#
"
JqBHJ
n r kb T
,
ln
=
q
γn2int ABHJ /AP HJ


fG (α)
n r kb T
P HJ
,
ln
= VOC +
q
α

(3.22a)
(3.22b)

P HJ
where VOC
contains all the D-A material specific parameters, while the second term

involves explicit geometrical factors associated with BHJ-OPVs. Let us illustrate
three cases associated with Eq. (3.22b). (i) For PHJ device, ABHJ = AP HJ , so
α = fG = 1, and the second term in Eq. (3.22b) vanishes, thereby establishing the
BHJ
P HJ
. (ii) For a typical optimized BHJ cell, fG ≈ α and hence
upper limit of VOC
= VOC

BHJ
the second term is negligible, making VOC
almost independent of ABHJ . Finally,

(iii) for the very fine morphology with ABHJ ≫ AP HJ , fG ≈ λ < α , which makes
BHJ
P HJ
the correction term in Eq. (3.22b) negative, so that VOC
≤ VOC
, consistent with

broad range of experimental results [111, 131, 132].
BHJ
Implication of VOC
Model: Experimentally it is well known that VOC remains

unchanged with anneal time, even though JSC varies significantly [81–83]. The logBHJ
arithmic dependence of VOC
on ABHJ in Eq. (3.22b) thus provides the analytical
BHJ
proof for the insensitivity of VOC
with annealing (or morphology). In more physical

terms, since both the photocurrent, Eq. (3.17c) and the recombination current, Eq.
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Fig. 3.7. Results of analytical model (solid line) along with detailed
BHJ
numerical simulation (symbols). (a) Short circuit current (JSC
) of
P HJ
BHJ cell normalized by short circuit current (JSC
) of PHJ cell is
plotted against total D-A interfacial area (ABHJ ), divided by PHJ
BHJ
cell area (AP HJ ). Open circuit voltage of BHJ cell (VOC
) is also
plotted against area of interface on the right hand side axis. (b) The
η BHJ /η P HJ is plotted assuming same FF for both PHJ and BHJ cell.
The optimum BHJ interface (Aopt
BHJ ) balances the contradicting trends
of JSC and VOC as a function of interface area.

BHJ
(3.21), are proportional to the interfacial area, VOC
(which depends on the ratio of

these two currents) remains insensitive to morphology evolution.
BHJ
The results in Fig. 3.7a show that VOC
decreases with higher interfacial area,
BHJ
while ISC
shows the opposite trend. Since the power output of a solar cell: Pout =
BHJ
ISC VOC F F , the optimal efficiency of the cell depends on the trade-off between ISC
BHJ
and VOC
. In Fig. 3.7b, we plot η BHJ /η P HJ (dashed line) assuming the same fill-

factor for both PHJ and BHJ cell (in practice, the F F BHJ < F F P HJ due to longer
transport length and higher effective series resistance). The results show that the
optimum efficiency is obtained ( ABHJ ∼ 10AP HJ ) as a balance between increasing
BHJ
BHJ
ISC
(ABHJ ), with (weakly) decreasing VOC
(ABHJ ).

74

(a)

Fabrication phase

(b)

Stress phase

Wc

o

o

o

Ta = 80 , 100 , 120 C

50

(d) 1
JSC(norm)

< Wc> (nm)

(c)

20

10

0.8
0.6
0.4

Ta = 80o, 100o, 120o C

0.2
3

10

4

10

5

10

6

10

Anneal Time (s)

3

10

4

10

5

10

6

10

Anneal Time (s)

Fig. 3.8. Numerical simulation of the evolution of active layer morphology. (a) During annealing/ manufacturing step (b) during the
thermal stress experiment. The optimum anneal duration and anneal
temperature are denoted by t0 and T0 . hWC i and Lex in the figure are
average cluster size and the exciton diffusion length respectively. (c)
The growth of the average domain size (hWC i) with the stress time is
plotted (log-log plot) for different stress temperatures. We note hWC i
follows a power law with stress time. (d) Normalized JSC for different
stress temperatures are plotted from both numerical simulation (solid
lines) and analytical relation Eq. (3.24) (symbols).

3.5.2

Intrinsic Reliability Limit

Introduction: In the recent years there have been significant improvements in
the OPV efficiency (currently > 10%). However, the real bottleneck in the path
of successful commercialization of this technology is not the efficiency, but its poor
operational lifetime, the theory of which has received relatively little attention so far.
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As a result, despite significant progress in the power conversion efficiency, the lifetime
of BHJ-OPV lags far behind the inorganic counterparts.
A careful survey of the BHJ-OPV literature shows that the degradation mechanisms of BHJ solar cell are complex, diverse and poorly understood. In a recent
review [4], Krebs describes many extrinsic degradation mechanisms of BHJ-OPV, including chemical degradation of electrode metal [133] and polymer molecules in the
presence of oxygen and water [134], photo-oxidation of polymers [5], thermal degradation due to morphological change [84, 135, 136], etc. Like any other commercial
technology, the extrinsic degradation issues must be addressed by a combination of
improved manufacturing techniques and better encapsulation [137, 138], and there
have been sustained progress in this regard over the last few years. On the other
hand, “intrinsic degradation” of a solar cell implies that even if the cells were perfectly encapsulated and manufactured for highest yield, the cell performance can still
degrade due to the intrinsic morphological change induced by operating (thermal)
environment [84, 135,136]. Thus, thermal degradation is a fundamental stability concern for BHJ-OPV, and yet there is no compact theoretical framework to explore the
problem quantitatively.
The key contribution in this section is the development of a physical degradation
model that can relate the intrinsic lifetime of the cell to the constituent material
parameters and process conditions [6]. The model is based on the general principle
of coarsening kinetics in any phase segregating system and hence it is applicable to
wide variety of BHJ-OPV material system (polymer: fullerene, polymer: polymer
etc). We verify our model by analyzing a number of recently published temperatureaccelerated lifetime experiments (ALT) [84,135,136] . These experiments are generally
conducted within a controlled environment of a nitrogen-filled dark chamber in an
effort to eliminate oxygen/moisture contamination and photo-degradation. Lifetime
projection from these ALT experiments is carried out in the literature by empirical
extrapolation [84, 135, 136], but our degradation model interprets these experiments
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within a common physical framework and relates the projected lifetime with the
intrinsic material properties and kinetics of phase segregation.
Model Derivation for Intrinsic Lifetime Phase segregation of two organic
materials is the key process in the fabrication of BHJ solar cell. The general characteristics of phase segregation and its relevance for high-performance OPV design
are discussed in the previous chapter. In Fig. 3.8 we show the numerical simulation
results of such morphology evolution during fabrication (Fig. 3.8a) and ALT stress
conditions (Fig. 3.9b). The figures illustrate that even though the geometry of the
meso-structure lacks any specific order/shape, it is still characterized by an average
domain width, hWC i, that increases systematically with anneal/stress time ta . This
domain growth/coarsening is known as Ostwald ripening [91, 100] and is given by
hWC (ta , Ta )i ∝ [Def f (Ta )ta ]n .

(3.23)

Here Def f is the effective diffusivity of organic/polymer material and n is the “LifshitzSlyozov” power exponent [91, 100] associated with spinodal decomposition. The crux
of the intrinsic stability problem in BHJ-OPV is that the phase separation continues
even in the normal operating condition, resulting in time-dependent evolution towards
suboptimal morphology and performance degradation with time [80,84,139–141] (see
Fig. 3.8b). As a result, there is a systematic reduction of JSC (with corresponding
loss in efficiency) as a function of operating conditions as follows (derivation of Eq.
(3.24) is given in previous section):

JSC (ta ) ∝

2Lex
hWC (ta )i
2Lex
tanh
≈
.
hWC (ta )i
2Lex
hWC i

(3.24)

This implies that only a fraction of excitons generated within the diffusion length
of the domain can contribute to short circuit current; the rest are lost to selfrecombination. Combining Eqs. (3.23) and (3.24), we find that:
n

hWC (t0 )i
Def f (T0 )t0
JSC (t0 + ts )
.
=
=
JSC (t0 )
hWC (t0 + ts )i
Def f (T0 )t0 + Def f (Ts )ts

(3.25)
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Here t0 and T0 represent the duration and temperature during the anneal phase
required for the fabrication of the solar cell, while ts and Ts denote the duration and
temperature during the stress (or operation) phase respectively. Thus, JSC (t0 ) is the
short circuit current of a BHJ-OPV cell immediately after fabrication, but before it
has been put to use or stressed in ALT test. Obviously, Eq. (3.25) suggests that
JSC begins to decay as soon as the cell is subjected to the stress conditions. The
temperature dependence of the JSC degradation is encapsulated in Eq. (3.25) using
the Arrhenius activation of effective mutual diffusivity of the donor and acceptor


−EA
materials, i.e., Def f = D0 exp kb Ta , where D0 is the maximum diffusivity and

EA is the activation energy of the diffusion process. With temperature-activated
diffusion, from Eq. (3.25) we obtain


  −n
−EA
ts
ˆ
JSC (ts ) = 1 + exp
.
kb T s
teq

Here JˆSC (ts )(≡

JSC (t0 +ts )
)
JSC (t0 )

(3.26)

is the normalized short-circuit current and teq is the “equivalent-

anneal time” which translates the fabrication anneal time t0 to specific stress condi


−EA
tions teq ≡ t0 exp kb Ts
and it reflects the fabrication conditions of the solar cell.

The other two parameters in our model: “Lifshitz-Slyozov” power exponent n and

activation energy EA of the polymer blend are material dependent physical constants.
sat
It is observed experimentally that the decay in JSC saturates to a fixed value JˆSC
,
sat
independent of the stress conditions (in Fig. 3.9(a), JˆSC
≈ 0.4). We account for this

sat
saturation current by an empirical cut-off of JˆSC (ts ) = JˆSC
for ts ≥ t∗s , where t∗s is
sat
the stress time corresponding: JˆSC (t∗s ) = JˆSC
. Further work is needed to model this

saturation current, which relates the limit of phase segregation with an attainment of
stabilized morphology. Note that while many researchers [84,135,136] have suggested
that phase-segregation might play an important role in dictating intrinsic stability of
OPV, the specific form of Eq. (3.26) would now allow accurate lifetime projection
and quantitative comparison among results from different groups.
Model Verification: We verify the growth law (Eq. (3.23)) and the dependence
of JSC on hWC i (Eq. (3.24)) in figure 3.8(c-d) respectively by detailed numerical
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Fig. 3.9. Validation of degradation model (solid line) with measured
data (symbols) from literature. (a) Measured JSC degradation values
(MDMO-PPV: PCBM cells [84]) matched with model (Eq. (3.26)) for
four different stress temperatures. (b) Model validation for other various polymer systems reported in literature [84,136,139]. (c) Power exponent (n) and Activation energy (EA ) values described in the model
are extracted by fitting the model with the different experimental data
set. The extracted values of n and EA are physical as they lie within
the typical range (dashed lines) expected for these class polymer systems. (d) Model predicted intrinsic lifetime of the cell is plotted for
three different tolerance limits in the degradation of JSC .

simulation. We calibrate the model parameters (EA , n, teq ) by fitting Eq. (3.26) to a
single set of measured polymer degradation data corresponding to a particular stress
temperature and use the extracted parameters to predict the JSC degradation at all
other temperatures. Fig. 3.9a shows a good fit between the model prediction from
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Eq. (3.26) and the measured data (MDMO-PPV: PCBM system, ref [84]) for various stress temperatures. We also observe excellent match between the same model
and the measured current for many other data reported in the literature involving
different polymer systems (P3HT: PCBM, PPV: PCBM, in Fig. 3.9b). As shown
in Fig. 3.9c, we find that the extracted values of the material dependent constants:
EA , n , fall in the physical range for the typical OPV materials. We know of no other
degradation model that anticipates the intrinsic ALT kinetics of such a broad range
of material system. Finally, it is important to note that even though there might be
some additional non-thermal intrinsic degradation (like charge accumulation caused
by photo-degradation [142] etc.), the robustness of n and correlation between the extracted EA and known bulk EA of the respective materials, assures that morphological
effect is the primary source of thermal degradation in these sets of experiments.
Eq. (3.26) can now be used to determine the intrinsic lifetime (tlif e ) of BHJOPV due to thermal degradation process. We define the lifetime of BHJ-OPV as the
operating duration that causes the JSC to degrade to a certain fraction (δtol ) of its
initial value JSC (t0 ), i.e., JSC (t0 + tlif e ) = δtol JSC (t0 ) or JˆSC (tlif e ) = δtol . Therefore,
the intrinsic lifetime of BHJ-OPV cell is given as:

 −1
teq
n
δ −1 .
tlif e (Top ) =
kdeg (Top ) tol

(3.27)

Here, Top is the operating temperature for the solar cell. In Fig. 3.9d we plot the dependence of the intrinsic lifetime of BHJ-OPV on the operating temperature for three
different tolerance limits, δtol . Lifetime prediction is of course critically dependent
on the values of the model parameters: EA , n, teq . We use the values of the model
parameters extracted from the measured dataset shown in Fig. 3.9d. Even under the
optimistic scenario of very low time exponent, n ∼ 0.27 and high activation energy,
EA = 1.2 eV, the cell is predicted to degrade more than 10% within a few months.
This provides a simple physical explanation of empirically observed poor stability of
organic solar cells. It is important to note that these specific numerical values of
lifetime is defined by the polymer systems discussed in Fig. 3.9. As processing con-
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ditions improve or as new polymers are developed, the lifetime will certainly increase
( see ref. [143] for recent examples of > 1 year lifetime); we suggest however that the
intrinsic degradation and lifetime projection will still be defined by Eqs. (3.26) and
(3.27).
Approaches for the Improvement of Intrinsic Lifetime
The model discussed above rationalizes various empirical approaches to improve
BHJ-OPV stability based on kinetic trapping [144–146] of the phases. For example,
the BHJ-OPV cells based on block copolymers [144] (e.g. PvDMTPA-b-PPerAcr diblock copolymers), where morphology remains static due to the fixed block length,
improves intrinsic stability. Similarly, the use of photo-crosslinkable copolymers [145]
or polymerizable fullerene derivative [146] , where morphology remains stabilized
by cross-linking, offers considerable improvement in lifetime. Both these solutions
confirm that phase segregation is a dominant stability concern. These solutions are
based on kinetically trapped phases that can be understood by Eq. (3.26) as having
higher activation energy EA following cross-linking. Indeed, the saturation of the
JSC degradation with stress time as shown in Fig. 3.9a might also imply a stressrelated kinetic trapping of phase segregation, correlated with the attainment of the
equilibrium morphology. If the equilibrium morphology of the polymer based cell
can be engineered very close to the optimal morphology (hWC isat ≈ 2Lex ), then the
intrinsic stability limit of BHJ-OPV cell can be extended considerably. Finally, the
stability model (Eq. (3.26)) also suggests an interesting performance-stability tradeoff inherent in classical BHJ-OPV structures. Since performance degrades rapidly
for an (efficiency) optimized cell, it is clear that slight under processing (suboptimal
anneal duration) of the polymer mixture can significantly improve the lifetime of
the cell. Such cells will have slightly lower efficiency initially (the optimum anneal
window is relatively flat), but during operation the cell performance will improve and
thereby extend the intrinsic lifetime significantly. Ref. [135] shows a highly suggestive
evidence of the viability of such approach.
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3.6

Conclusion
In this chapter, we have derived analytical expressions for the JSC and VOC as a

function of the interfacial area of disordered BHJ solar cells. Based on the analytical
models, we have the following conclusions:
1. We find that the photocurrent in typical BHJ cells is proportional to the intergrated interfacial area of the light absorbing layer. The model for JSC (see Eq.
(3.17c)) should find broad application in interpreting various OPV experiments
and can eventually be used, for example, as process monitor of the evolution of
interfacial area as a function of anneal time.
2. We show that unlike JSC , the VOC of bulk heterojunction cells is relatively
insensitive to the morphology and hence it cannot be radically improved by
morphology-engineering. The derivation of open circuit voltage model (3.22b)
reveals that any increase in photocurrent due to larger interface area is counterbalanced by corresponding increase in recombination current, so that the upper
BHJ
limit of VOC
cannot exceed that of the corresponding planar heterojunction
BHJ
P HJ
(PHJ) devices, i.e. VOC
≤ VOC
.

3. Finally, we have developed a compact physical degradation model for BHJOPV. This model not only anticipates projected lifetime of BH-OPV, but also
suggests/rationalizes various approaches (e.g. use of block copolymer or photocrosslinkable polymers as active material, under processing of the solar cell,
utilization of substrate stress effect, etc.) for the improvement of intrinsic lifetime and performance-stability optimization of organic solar cell.
In the next chapter we propose a set of novel device concepts for high efficiency
OPV design, which are inspired by the derivation of the analytical models. Specifically, in this chapter we have found that recombination at the D-A interface is the
dominant loss mechanism and in the next chapter we propose novel design ideas to
minimize that loss.
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4. NOVEL DEVICE CONCEPTS FOR HIGH
EFFICIENCY OPV CELLS
4.1

Introduction
As discussed in Chapter 3, the power conversion efficiency(η) of any solar cell

is determined by the following three parameters: short circuit current (JSC ), open
circuit voltage (VOC ) and fill-factor (F F ), i.e. η = JSC VOC F F/Pin , Pin being the
input power from the sun. The JSC and VOC are mainly dependent on the energy
band profile of the absorbing materials. The FF, on the other hand, is related to the
efficiency of charge extraction from the cell and depends on the mobility of charge
carriers and their recombination rates. Over the last few years [18, 19, 22–25, 29]
there have been several breakthroughs in developing new absorbing polymers with
lower band gap (hence higher JSC ) and reduced band discontinuity with acceptor (A)
molecules (hence higher VOC ). These improvements in JSC and VOC have raised the
cell efficiency continually, with the current record being more than 10% (see Fig.4.1).
Despite material innovations, however, the FF of OPV cells remains stagnant at
(0.6 ∼ 0.7), much lower than the inorganic counterparts (∼ 0.85). The OPV efficiency
cannot reach its theoretical limit unless F F is improved significantly.
The F F of a solar cell reflects the ability of the photo-generated charge carriers to
be collected by the respective contacts. Thus, it is defined by the carrier mobility and
the recombination properties of the active material [53]. Most organic semiconductors
have very low mobility (e.g., µ ≈ 10−5 − 10−3 cm2 /V s) [2, 3], which makes the
charge extraction inefficient, especially at the operating (or maximum power point)
bias condition when the internal field in the device is low. Various approaches have
been adopted to improve the carrier mobility in the OPV materials. One approach
involves increasing the nano-scale crystallinity and molecular packing of the polymer
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Fig. 4.1. Evolution of the performance of polymer: fullerene based
BHJ-OPV cells. All the PV performance metrics (efficiency (η), short
circuit current density (JSC ), open circuit voltage (VOC ) and F F ) are
plotted along with the names of the absorbing polymers (in x-axis).
Clearly, JSC and VOC have improved over the years but FF has not
and it remains low (< 0.7) even in the high efficiency cells.

film by controlling the annealing conditions [114]. Several other techniques such
as anti-solvent crystallization with inkjet printing [147], percolation-doping of the
polymer film by carbon nanotubes or silver nanowire [115–117], addition of small
amount of additives in the active blend [148] etc. have been utilized to increase the
mobility in the organic semiconducting films. While all these approaches enhance the
carrier mobility in the organic films, the improvement is often marginal. Indeed, the
requirement of solution processing of OPV precludes many film growth techniques
that may otherwise improve the material mobility significantly.
In this chapter we propose two alternative approaches for improving charge collection (or minimizing the recombination loss) in OPV cells fabricated from the usual
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Fig. 4.2. Effect of charged interface. (a) Schematic of PHJ cell
with fixed charges at the interface. Uniform charge density (Q in
number/cm3 ) is assumed with a finite spread, denoted as WQ . (b)
The effect of charged interface on the current voltage characteristic is
shown. From the plot it is clear that the main effect of the charged
interface is the improvement in FF along with a slight improvement
in JSC .

organic semiconductors characterized by poor mobility. One approach is based on
“charged interface(CI)” [149], where we propose to embed a fixed charge layer at the
donor-acceptor interface to suppress the recombination loss (or increase τrec ). The
other approach is based on “nano-structured electrode (NE)” [150], where we show
that by properly inserting the electrode in the active material, we can improve charge
extraction considerably. Below we describe these two approaches in details (most
of the materials in this chapter are taken from our previous publications given in
Ref. [149, 150]).

4.2

Concept of Charge Interface (CI) for Minimizing Charge Recombination

4.2.1

Background Information

A characteristic feature of the organic heterojunction based devices (e.g. OPV,
OLED) is that most of the charge recombination takes place at the D-A interfaces,
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because the energy barrier of the heterojunction confines the holes to the donor and
electrons to the acceptor materials (details on carrier distribution in OPV devices is
given in Chapter 3). Therefore, carriers recombine only at the D-A interface. Since
the carrier mobility in the organic semiconductors is poor (∼ 10−5 − 10−3 cm2 /V s),
the charge carriers tend to pile up at the D-A interface, especially at the maximum
power condition when the internal field in the device is low. The charge pile-up leads
to high recombination loss, which in turn lowers the FF of the cell.
In this section, we theoretically demonstrate that if a fixed “dipole-like” charge
layer is embedded at the donor-acceptor interface, the interfacial recombination can
be suppressed dramatically, and this would in turn significantly improve the FF. We
find that the fixed charges create a local electric field at the interface which prevent
the carrier pile-up and thereby reduces the interfacial recombination. Indeed, there
have been several recent works on the tuning of the D-A interfaces by adding a thin
interlayer (ferroelectric dipole [151, 152], cascade energy level alignment [153, 154]) in
the planar heterojunction OPV cells, which have shown improved device performance
by altering the optical gap at the D-A heterojunction . These works demonstrate the
importance of interface engineering (mainly the D-A cross-gap) for high efficiency
OPV cells and the proposed concept of charged interface provides another technique
of controlling the electrostatic properties of the D-A interface.
In the following sections, we first illustrate the physics behind the concept of
charged interface by numerical simulation and then quantify the charge density required for significant performance improvement. We also discuss strategies for introducing such fixed charges at the interface of bulk heterojunction (BHJ) OPV cells

4.2.2

Effect of CI on PHJ-OPV Cell

In this section, we describe the physics behind the concept of charge interface
using the PHJ as the test structure. As shown in Fig. 4.2a, let us assume a layer
of fixed charges with uniform density are embedded across the D-A heterojunction.
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The positive charge segment of the dipole layer needs to be in the acceptor side and
the negative charge segment in the donor side. The device I-V characteristics of such
structure, obtained by numerical simulation, are shown in Fig. 4.2b. Here WQ =
4nm and the charge density (Q) has been treated as a parameter. For the device
simulation we assume that the dissociation of CT excitons is perfect, i.e., ηex = 1.
However, even if ηex < 1, the charged interface will assist in exciton dissociation
(by enhancing the interfacial electric field, see Fig. 4.3a) and hence the exciton
dissociation efficiency will be closer to unity in the presence of charged interface. The
other simulation parameters are summarized in Table 2.4 and 2.5. Fig. 4.2b clearly
shows that the charge layer at the interface improves the solar cell performance by
significantly increasing the fill-factor (along with small improvement in JSC ) of the
device. The effect of charge interface on each of the solar cell performance metrics is
explained in details in the following paragraph.
Effect of CI on short circuit current: The fixed charges at the interface alter
the device electrostatics as illustrated in Fig. 4.3. All the plots in Fig. 4.3 correspond
to the short circuit (SC) condition. Fig. 4.3a demonstrates the enhancement of
electric field around the interface due to the fixed charges. The charges do not change
the optical gap or energy band gap as shown in Fig. 4.3b. However, energy band
will bend slightly near the interface in the presence of the fixed charges. In Fig.
4.3c we compare the free carrier distribution in the presence and the absence of the
fixed charges. The enhanced electric field at the interface pushes the free carriers
away from the heterojunction and thus depletes the interfacial region of free carriers.
Since free carriers mostly recombine only at the hetero-interface, such re-distribution
of free carriers significantly reduces recombination loss as shown in Fig. 4.3d. It is
important to point out here is that at the short circuit condition, the recombination
loss is minimum, because the built-in field is high enough to sweep out the photogenerated carriers. Thus, it is expected that the improvement in JSC with charge
interface is not very significant.

87

Donor

Acceptor

Q = 1018
Q=0

Q = 1018
Q=0

Q=0
p(x)

n(x)

Q = 1018

Fig. 4.3. Analysis of the charged interface concept at the short circuit condition. (a) Electric field profile, (b) energy band diagram (c)
carrier density and (d) recombination density are plotted across the
device (from top electrode (ITO) to bottom electrode (Al)) in the
presence (dashed lines) and absence (solid line) of charge interface.

Effect of CI on fill factor: At the maximum power point condition, the built-in
field is much weaker than the SC condition. Thus, recombination loss is considerably
higher at this bias condition as shown in Fig. 4.4d. Any small enhancement in the
interfacial electric field will significantly reduce the free carrier recombination and
hence improve the performance. This is illustrated in Fig. 4.4 where all the plots
correspond to the maximum power point biasing condition. The electric field (Fig.
4.4a) is lower and the energy bands are flatter (Fig 4.4b) than the SC condition. The
free carrier density (Fig. 4.4c) is significantly high especially at the interface. Similar
to the SC condition, in Fig. 4.4 we find that fixed charges depletes the interface of free
carriers and thus reduce the recombination loss. However, the magnitude of reduction
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Fig. 4.4. Analysis of the charged interface concept at the maximum
power point condition. (a) Electric field profile, (b) energy band diagram (c) carrier density and (d) recombination density are plotted
across the device (from top electrode (ITO) to bottom electrode (Al))
in the presence (dashed lines) and absence (solid line) of charge interface.

in recombination loss is much higher at the maximum power point and hence FF is
significantly improved.
Effect of CI on open circuit voltage: In Chapter 3 (also in Ref. [126]), we
have shown that open circuit voltage mainly depends on the fundamental material
properties such as, the cross gap at the heterojunction, density of states and the
recombination coefficient (γ). Since none of these material properties is affected by
the fixed charge layer (as assumed in this analysis), we find that VOC is almost unaffected by this charge interface concept. Depending on the implementation strategies,
discussed below (e.g. heavy doping or additives), the effective band gap of the semi-
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Fig. 4.5. Effect of charge interface on the BHJ cells. (a) Typical
morphology of the BHJ cell. (b) Equivalent geometric transform for
the analysis of BHJ cells. We use the same volume fraction and same
average cluster size (WC ) for the equivalent transform. (c) Uniform
charge layers are assumed across the D-A interface with thickness of
the charge layer WQ . (d) Effect of the charge interface on the I-V
characteristics. The symbols in the plot are the measured J-V data
for the high efficiency P3HT: PCBM cell [24]. For fitting the measured
data we assume µe = 6 × 10−3 cm2 /V s and µh = 3 × 10−3 cm2 /V s.

conductor might change which can affect the open circuit voltage. In this analysis,
however, we only focus only on the electrostatic effect of the fixed charges.

4.2.3

Effect of CI on BHJ-OPV Cell

In this section, we explore the relevance of the concept of charged-interface for
the bulk heterojunction (BHJ-OPV) cell. Although BHJ morphology appears to be
very complex (Fig. 4.5a), it can be accurately analyzed with a suitable geometrical
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Fig. 4.6. Effect of charge interface on the performance metrics of classical P3HT: PCBM based BHJ-OPV. (a) Efficiency, (b) short circuit
current, (c) open circuit voltage and (d) fill factor. Dashed lines represent performance without charge. Symbols (circle [24], square [22],
and triangle [23]) are the experimental record efficiency values for
P3HT: PCBM based BHJ cells.

transform based on average domain width WC as shown in Fig. 4.5b. The verification
and details of this approach is described in our previous work [126]. In this work, we
explore the effect of charged interface on the performance of BHJ based OPV devices
by solving the transport problem self-consistently on the simplified BHJ structure as
shown in Fig. 4.5c. Similar to the analysis done for PHJ structure, here also we
assume a fixed charge layer with uniform charge density (Q) and layer width WQ
at the D-A interface (Fig. 4.5c). The corresponding I-V characteristics are plotted
in Fig. 4.5d as a function of charge density. The symbols in the figure represent
the measured data for the current-voltage characteristics of the P3HT: PCBM based
BHJ cell. We first choose the simulation parameters (Table -2) to fit the data and
use the same set of parameters for evaluating the effect of charged interface. The
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figure clearly shows significant improvement in FF (from 55% to 82%) and slight
improvement in JSC with the increasing density of the fixed charges.
For precise quantitative estimates of the effect of the charged layer we plot all the
four performance metrics of BHJ cell as a function of charge density and the width
of the charged layer in Fig. 4.6. The symbols in the figure are the corresponding
performance metrics of the high efficiency P3HT: PCBM based BHJ cells reported
by various groups. As expected, wider the charged interface, better the performance.
The plot clearly shows that a very thin layer of charges (WQ ≈ 4 nm) with density,

Qf ix = 1019 /cm3 can enhance the FF of BHJ cells made of conventional materials
more than 80. The figure, however, shows no improvement in VOC with charged
interface, because we assume that the charge layer only alter the device electrostatics
and not the optical gap at the interfaces.

4.2.4

Possible Implementation Strategies

The build-up of fixed space charges at the interface or junction of an electronic device is a common phenomenon, particularly in the inorganic semiconductors. e.g., in
the PN junction diodes. Even in organic semiconductor based devices (e.g. LED, photodiodes, etc.), the presence of the charged layer is observed at the hetero-interfaces
of the organic layers, especially if one of the semiconductors is molecularly doped
[44, 155–157]. Thus, molecular doping of the donor and acceptor layer is a promising
method for the formation of charged interface. Indeed, recently it has been reported
that doping of the organic layer (cyanine) improves the device performance [158].
The other promising approach for embedding the charged interface in the BHJ cells
involves mixing small amount of appropriate additives in the absorbing materials. For
example, Chen et al. [148] has recently shown that adding a small amount of a polymeric additive (PFLAM) in the typical P3HT:PCBM cells, improves the FF of the
device. Lobez et al. [159] has recently proposed many side chain functionalized polythiophene additives which improves the OPV performance. Similarly, treating the
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polymers with either electrophiles or nucleophiles in the solution can introduce fixed
charges in the interfaces as discussed by Liang et al. [160]. Recently, many groups have
shown that the incorporation of a thin ferroelectric film [151] or a surface-segregated
monolayer (SSM) of fluorinated compound between the D-A layers [152] can set up
an interfacial dipole moment which not only increases the interfacial field but also
alters the optical gap at the interface. The fabrication technique (contact film transfer) associated with the SSM formation is currently restricted to PHJ cells, however,
given the potential improvement in FF, a generalization of the approach should be
explored for BHJ-OPV.

4.3

Nano-structured Electrode (NEs) for Efficient Charge Extraction

4.3.1

Background Information

Nano-structured electrodes (NEs) improve optical absorption and charge collection
in the photovoltaic devices. Traditionally, the electrodes have been designed mainly
focusing on higher optical absorption. Such optical design of the electrodes not necessarily ensures better charge collection. Since the efficiency of organic photovoltaic
(OPV) devices is hindered by the low carrier mobility of the organic semiconductors,
the charge collection property of the nano-structured electrodes provides an interesting design alternative. The goal of this analysis is to formulate the essential guidelines for designing nano-structured electrodes with the aim of improving the charge
collection in the low-mobility organic materials. We use detailed opto-electronic device simulation to explore the physics of nano-structured electrodes embedded in the
complex organic semiconductors and quantify its effect on the performance gain of
organic solar cells. Our analysis suggests that an optimum co-design of electrodes and
morphology is essential for the significant performance improvement (mainly through
fill-factor) in OPV cells.
Recently [161–163], there have been several efforts for the efficient charge collection from the low mobility semi-conducting materials by the insertion of electrodes
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in the active layer. Hsu et al. (2011) [161] have shown that embedding the ITO
nano-electrode inside the organic material can “balance” the carrier transport by
increasing the effective hole mobility, which is the slower carrier in a typical OPV
cell. Similarly, Allen et al. (2012) [162] demonstrated improved carrier collection by
inserting the electrode in the active materials for radial charge collection. However,
the efficiencies of these cells are low because the electrode design was not optimized.
Similarly, nano-structuring of the front/back contacts [164–170] has also been used to
enhance photon absorption in organic solar cells (photonic crystals [164–167]; plasmonic structures [168–170]). For example, Niggemann et al. (2004) [165] have shown
increased absorptance by embedding comb-like array of Al electrodes in the photo
active polymer blend. Similarly, Ko et al. (2009) [166] have shown that embedding
a photonic crystal geometry made of nano-crystalline ZnO (also acts as cathode for
electron collection), the band edge absorption in OPV can be enhanced significantly.
These recent studies imply that optimizing the design of nano-structured electrodes
may improve OPV efficiency by simultaneously increasing light absorption (high JSC )
and by efficient charge collection (improved FF).
The optimization of nano-structured electrodes (NEs) for the high efficiency OPV
cells is not straightforward: the inserted electrodes not only alter the optical field
(hence photo-generation), but also redistribute the electrical field that affects chargecollection. Most of the theoretical works [171] regarding the optimized design of the
electrodes have focused exclusively on the optical absorption, and hence, electrode
dimensions have been tailored as a function of light wavelength. However, for lowmobility organic materials, the potential of efficient charge collection by NE offers
an intriguing design possibility. Although several experimental results are available,
unfortunately there is no theoretical work exploring the charge transport or recombination dynamics in the complex organic materials in the presence of inserted electrodes and hence NEs have never been optimized to improve charge collection in OPV
cells. That is why, we believe, most of the reported works have failed to demonstrate
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Fig. 4.7. Structure and functionality of the NEs. (a) Schematic of
comb-like NE geometry which is assumed for simulation in this work.
A (minority carrier) blocking layer is assumed deposited on top of the
inserted (ITO) electrodes. (b) The two key effects of the NEs on the
carrier transport are shown for the PHJ-OPV structure. The arrows
in the figure represent the path of electron (in acceptor) and hole (in
donor) current flow. (c) The potential redistribution inside the cell
with the inserted electrodes is shown by color coding.

simultaneous improvement in all the three solar cell performance metrics (JSC , VOC
and F F ) after the insertion of electrodes.
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In the following paragraphs we explore the fundamental physics of electrode insertion in the complex organic materials in order to formulate the general design
principles for this concept. For the analysis, we choose typical material parameters
representing P3HT: PCBM system (summarized in Table -2). The results presented
here are, however, applicable for any other material system. For simplicity, we choose
a periodic comb-like electrode structure characterized by three geometric parameters:
height (Helec ) , width (Welec ), and spacing (Selec ), see Fig. 4.7a. For the systematic
explanation, we first analyze the effect of electrode insertion on the carrier transport
(assuming that the optical absorption is unaltered) and then we discuss how optical
absorption is affected by inserted electrodes.

4.3.2

Effect of NEs on PHJ Cell

Conceptually it is easier to explain the effect of NEs by exploring its implication
for the planar heterojunction (PHJ) morphology. We will later translate many of
the conclusions derived from PHJ-OPV to BHJ-OPV. Fig. 4.7b shows the device
structure of a PHJ-OPV with electrode inserted in the donor material. We assume
the inserted electrodes are made of optically transparent conducting oxide (e.g., ITO)
with conformal coating of appropriate minority carrier blocking layers (e.g., PEDOTPSS). Typically holes in the donor material are the slower carrier and hence it is
advantageous to have electrodes inserted into lower-mobility material. Due to the periodicity/symmetry of the assumed electrode structure (Fig. 4.7a), it will be sufficient
to analyze only one half of the periodic structure in the 2D geometry.
From the point of charge transport, inserted electrodes have two important effects: First, they reduce the average carrier extraction time by providing low resistive
pathways (illustrated in Fig. 4.7b), and hence enhance the FF. Second, they alter the
potential and charge carrier distribution inside the cell (illustrated by color coding in
Fig. 4.7c) in such a way that holes are attracted towards the electrode and electrons
are pushed away from it. The first effect (reduced carrier collection length) signifi-
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Fig. 4.8. Effect of inserted electrode height (Helec ) on the performance of PHJ based OPV cell. The various solar cell performance
metrics are plotted as a function of electrode height. (a) Efficiency,
(b) short circuit current (c) open circuit voltage and (d) fill factor.
The electrode dimensions are: Selec = 100 nm; Welec = 10 nm. The
thicknesses of the donor and acceptor layers are 50 nm each. The JSC
value reflects AM 1.5 illumination and exciton diffusion length of 25
nm. However, in this plot we did not consider any effect on optical
absorption profile with the electrode insertion.

cantly improves the I-V characteristics mainly at the maximum power point condition
when the effective field in the device is low. The second effect (redistributed potential
and charge carriers) affects the free carrier recombination and hence alters the I-V
curve primarily at the short circuit condition, when the built in field in the device
is the maximum. Taken together, the NEs make the charge extraction faster and
improve the OPV performance, as shown in Fig. 4.8. In Fig. 4.8, we plot the efficiency and related solar cell performance metrics (JSC , VOC and F F ) as a function of
inserted electrode height(Helec ). Below we explain the effect of the NEs on each of
these performance metrics.
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Short Circuit Current (JSC ): For the transport analysis in Fig. 4.8 we assume
optical absorption remains unaltered with the NEs. Thus, JSC remains almost unchanged with electrode height. A small improvement in current is possible (see Fig.
4.8b) with increasing electrode height (but Helec < TD ) purely from better electrical
transport. Since the built-in electric field at the SC is high, the transport gain is not
significantly reflected in the JSC . However, once the electrode crosses the interface
(Helec > TD ), it induces significant recombination loss (explained in details in Fig.
4.9) which causes reduction of the JSC .
Open Circuit Voltage (VOC ): In Fig. 4.8c we plot the VOC against Helec which
shows that VOC remains unchanged with the electrode height. This behavior of VOC
can be explained as follows: at the open circuit condition, the net current in the cell
is zero. Since transport in OPV is mostly unipolar, the electron current in acceptor
and hole current in donor both are zero. Thus, at the VOC point, the quasi-fermi
levels in the donor and acceptor are flat (∇Fe/h = 0). This implies that VOC is almost
independent of carrier mobility and mainly dictated by the material properties of
the D-A interface. Since the inserted electrode effectively improves carrier mobility
(or shortens the carrier path length), which has no effect on the VOC point, thus
VOC remains unchanged with electrode height. However, a key assumption in this
analysis is that we have assumed zero recombination at the electrode surface (or
perfect minority carrier blocking). If we include electrode surface recombination,
then once the electrode penetrates through the D-A interface, the VOC will sharply
degrade.
Fill Factor (F F ): In Fig. 4.8d we plot the variation of the F F with the electrode
height. As we discussed, at the maximum power point (or F F point) of the I-V curve
the built-in field in the cell is quite low and hence the transport gain due to the NEs
is most prominently reflected on the FF. With the increasing Helec the photocarrier
collection path becomes shorter and hence F F rapidly increases. However, beyond
a certain electrode height (Helec ∼ thickness of the donor layer), F F degrades with
the Helec due to the significant interface recombination loss (explained in details in
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Fig. 4.9). Since under the assumptions of this analysis JSC and VOC remains almost
flat, efficiency variation (Fig. 4.8a) almost reflects the FF variation. In the next
paragraph, we explain the variation of efficiency with electrode height by exploring
in detail the physics associated with three representative points (P0, P1, P2) in Fig.
4.8a.
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Fig. 4.9. Carrier concentration and recombination dynamics in the
PHJ-OPV cells with the NEs at the short circuit condition. (a-c)
The 2D carrier profile within the active layer is shown for three different electrode heights (P0, P1, P2). Note that carrier profile in the
donor represents only holes and in the acceptor it is electrons. The arrows in the diagram represent the electric field distribution. (d) The
current-voltage characteristics corresponding to the three cells. (e)
The electron (n) and hole (p) density at the interface of D-A region
is plotted for the three cell structures and the corresponding position
dependent recombination rates are shown in (f).

In Fig. 4.9(a-c), we show electric field (arrows) and charge carrier (color coding)
distribution inside the D-A layers for three different electrode heights, i.e., usual planar electrode (Cell-P0), inserted electrode only in the donor (Cell-P1) and inserted
electrode breaching the D-A interface (Cell P2). The corresponding current-voltage
characteristics are plotted in Fig. 4.9d. The I-V characteristics illustrate the improve-
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ment in FF (and slight increase in JSC ) for cell-P1, but a significant degradation in
performance (both JSC and FF) for cell-P2. To explain these I-V characteristics, we
plot the charge carrier densities and the recombination rates along the D-A interface
in Fig. 4.9e and 4.9f, respectively. The inserted electrodes alter the electric field
in such a way that holes are attracted towards the electrode, while the electrons are
pushed away from it. Thus, as long as the inserted electrodes remain in the donor (e.g.
cell-P1), the free carrier density along the D-A interface remains lower (red dashed
line in Fig. 4.9e) than the usual PHJ cell (black solid line). The reduction of electron
and hole densities at the interface reduces charge recombination at the interface (red
dashed line, Fig. 4.9f) and improves the cell efficiency. However, once the electrode
crosses the heterojunction (e.g. cell-P2), the electric field forces accumulation of free
holes along the interface, especially closer to the inserted electrodes (see blue dotted
line in Fig. 4.9e). Thus, the recombination increases throughout the interface, with
corresponding loss in JSC and FF (Fig. 4.9d, blue dotted line).
In Fig. 4.10, we explore the effect of electrode spacing on the device performance.
The height of the electrodes is kept fixed (Helec = 40 nm). The figure clearly shows
that the benefit of inserted electrode in terms of carrier transport is minimal for higher
spacing (Selec > 200 nm). However, the optical absorption enhancement is possible
with higher electrode spacing, as recently demonstrated with various photonic crystal
structures [164–170]. Since the goal of this study is to understand and optimize the
NEs for the transport enhancement, we have assumed constant absorption in these
simulations and hence JSC remains flat with electrode spacing in Fig. 4.10b. In the
later sections, we will use the closely spaced electrode structure to explore its effect
on optical absorption.

4.3.3

Effect of NEs on BHJ Cell

BHJ based OPV cells have complex intermixed morphology, as shown in the
schematic of Fig. 4.11a. However, it is easy to see (and we have confirmed it quanti-
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Fig. 4.10. Effect of the electrode spacing (Selec ) on the performance
of PHJ based OPV cell. The various solar cell performance metrics
are plotted as a function of Selec . (a) Efficiency, (b) short circuit
current (c) open circuit voltage and (d) fill factor. The other electrode
dimensions are: Helec = 40 nm; Welec = 10 nm. The thicknesses of
the donor and acceptor layers are 50 nm each. The JSC remains flat
since we have not considered any effect on the absorption profile with
the NEs.

tatively in our previous work [126]) that the key solar cell parameters (such as JSC ,
VOC ) of the complex BHJ cells can be accurately analyzed with the equivalent regularized geometric transform. Since the goal of this work is to formulate the general
design guidelines, we focus our analysis on four representative sections of the morphology (shown by dashed lines in Fig. 4.11a). The four representative sections are
as follows: B0 is the ordered vertical junction cell with usual planar electrodes; B1
represents the circumstances when inserted electrode (ITO) remains exclusively in
the donor; B2 represents the instances where the inserted electrode remains in the
acceptor; and B3 indicates the situations when the inserted electrode crosses the D-A
interface. The instances represented by B3 are equivalent to the PHJ devices and the
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Fig. 4.11. Effect of the NEs on the performance of BHJ-OPV cell.
(a) NE in a typical BHJ cell, which can be divided in four simple cell
structures (B0, B1, B2, and B3). The various solar cell performance
metrics are plotted as a function of electrode height for B1 and B2.
(b) Efficiency, (c) short circuit current (d) open circuit voltage and (e)
fill factor. The electrode dimensions are: Selec = 100 nm; Welec = 10
nm. The thicknesses of the active layer = 100 nm. The JSC value is
higher than the PHJ case, because we have assumed all the photogenerated excitons are collected by the bulk heterojunction structure
with average D/A domain width ∼ 50 nm (= 2Lex ).

conclusions drawn in the previous section apply. For the other two cases (B1, B2) we
plot the performance metrics as a function of electrode height in Fig. 4.11b-e. The
figure clearly shows that if the electrode remains in the donor, then there will be significant improvement in FF (and slight improvement in JSC ) and hence performance
of the BHJ cell. On the contrary, if the electrodes are in the acceptor region, then the
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JSC degrades significantly, while the other parameters (FF, VOC ) remain essentially
unchanged. Let us emphasize that the electrodes are conformally coated with minority carrier blocking layer. Therefore, any performance loss cannot be (mistakenly)
attributed to minority carrier recombination in the electrode surface. As we will show
below that the performance loss arises from the nontrivial remote electrostatic effect
associated with the inserted electrodes and it is possible to interpret the efficiency
variation in terms of carrier recombination at the D-A interface, as discussed next.
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Fig. 4.12. Carrier concentration and recombination dynamics in the
ordered BHJ-OPV cells with inserted electrodes at the short circuit
condition. (a-c) The 2D carrier profile within the active layer is shown
for three different electrode heights (B0, B1, B2). Carrier profile in
the donor represents only holes and in the acceptor it is only electrons.
The arrows in the diagram represent the electric field distribution. (d)
The current-voltage characteristics corresponding to the three cells.
(e) The electron (n) and hole (p) density at the interface of D-A region
is plotted for the three cell structures and the corresponding position
dependent recombination rates are shown in (f) . The donor/acceptor
domain width is assumed to be equal to twice the exciton diffusion
length (∼ 50 nm).
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In Fig. 4.12(a-c) we illustrate the change in carrier distribution inside the cell
depending on the position of the inserted electrodes. Fig. 4.12a represents the vertical
heterojunction cell with planar electrode geometry and Fig. 4.12b-c shows the carrier
redistribution in the presence of electrode representing the two cases (B1 and B2)
discussed in Fig. 4.11a. The corresponding I-V characteristics are shown in Fig.
4.12d. The I-V characteristics clearly show performance improvement for the inserted
electrode in donor but degradation in performance when the electrodes reside in the
acceptor. This efficiency variation can be interpreted by the carrier distribution plots
shown in Fig. 4.12(a-c). In the case of cell B1, inserted electrodes attract the holes
from the interface (arrows in Fig. 4.12b) and push the electrons away from the
interface. Thus, the carrier concentrations at the vertical interface is reduced (Fig.
4.12e, red dashed line), leading to lower recombination loss (Fig. 4.12f, red dashed
line) and improved charge collection (high F F ) and overall higher efficiency. In
case of cell B2, the direction of horizontal electric field is reversed (arrows in Fig.
4.12c), which pushes the electrons (in the acceptor material) towards the interface
and also attracts the holes (from the donor material) towards the interface, leading
to significant enhancement of recombination at the vertical interface (Fig. 4.12f, blue
dotted line). This recombination loss is reflected in dramatic reduction in JSC and
FF (Fig. 4.12d, blue line).
In a random BHJ morphology with 1 : 1 D-A volume ratio, the inserted electrode
will be in pure donor, or in pure acceptor, or donor-acceptor stack roughly in equal
proportion, i.e. 1/3 of the time. Thus, this analysis of the idealized vertical junction
cells indicates that in the random BHJ morphology, projected electrodes will improve
the device FF if placed (statistically) in the donor region, but at the same time there
will be some degradation in JSC value, when the electrodes are in the acceptor region.
As a result, we conclude that there will be no significant improvement in the overall
efficiency of the BHJ cells with this concept of nano-structured electrodes.
Optimum BHJ Morphology: In Chapter 2 (also in Ref. [101, 102]) we have
explored the theoretical optimum morphology, which resembles a Fin-like structure.
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Fig. 4.13. Effect of the NEs on the performance of Fin-morphology
based BHJ-OPV cell. (a) Fin-morphology with ITO inserted in the
donor phase. The carrier distribution (at the short circuit condition)
inside the cell is plotted with color coding in (b) (Helec = 0) and (c)
(Helec > HD ). Carrier profile in the donor represents only holes and in
the acceptor it is only electrons. The various solar cell performance
metrics are plotted as a function of electrode height in (d-g). (d)
Efficiency, (e) short circuit current (f) open circuit voltage and (g) fill
factor. The electrode dimensions are: Selec = 100 nm; Welec = 10 nm.
The thicknesses of the active layer = 100 nm, with HA = HD = 25
nm.

We found the performance gain with such morphology is not very significant compared to the (optimized) random BHJ structure. However, the NEs offer additional
transport advantage for the Fin-morphology which is not accessible to the random
BHJ cells as discussed in the previous section. Therefore, in this section, we explore
the implication of the NEs for Fin-morphology.
In Fig. 4.13d-g we summarize the expected performance gains with the various
heights of the inserted electrodes in a Fin-like morphology. As expected from our previous discussion, the inserted electrode (ITO in donor) improves the FF significantly.
Remarkably and counter-intuitively, however, Fig. 4.13d also shows a reduction of
efficiency when Helec > HD (the donor offset), even though the electrode is still immersed exclusively in the donor material. The reason for such reduction in JSC is
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explained in Fig. 4.13c, where we show pile up of holes close to the D-A interface at
the donor offset (HD ). This pile up of hole density causes recombination loss at JSC ,
which is analogous to the situation that inserted electrode crossing the D-A interface
discussed in PHJ cell. Thus, even though the electrode is still in the donor material,
its remote electrostatic effect in the neighboring junction leads to performance degradation. Thus, the design of Fin-morphology with projected electrodes should use an
asymmetric morphology, so that Helec < HD and HD > HA .

4.3.4

Effect of the NEs on the Optical Absorption

The analysis of the concept of projected electrodes in the previous subsection
was focused on carrier transport assuming optical absorption unaltered. However,
electrode insertion in the active material not only alters the electric field distribution,
but also changes the optical field and hence photon absorption. In this section, we
analyze the effect of electrode insertion on the optical absorption in the active layer
of OPV cells.
Since organic semiconductors are direct band gap materials, they have very strong
absorption coefficient and hence in a film of (100-200) nm thickness almost all the
photons with energy higher than the bandgap (or optical gap) are absorbed. However,
the band edge absorption can still be improved with proper nano-structuring of the
electrodes, which have been reported by various groups in recent years [164–170].
The electrode spacing/periodicity in such optimized photonic crystal geometry is
generally comparable to the wavelength of absorbed light (∼ 500 − 1000 nm). Such
wide electrode spacing has very little impact on the transport property of the cell (see
Fig. 4.10), since the transport length (e.g., drift length and diffusion length) in the
typical OPV materials is small (∼ (10 − 100) nm). Since the goal of the NE strategy
is to address the charge transport bottleneck, we utilize the closely spaced electrode
structure (Selec ∼ 100 nm) to explore its effect on photon absorption (instead of
optimizing the photonic crystal dimensions for absorption enhancement alone).
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Fig. 4.14. Effect of the NEs on the absorption profile (or optical
field distribution) in the OPV cells. (a) PHJ cell with inserted (ITO)
electrodes. The 2D absorption profile is shown by color coding. (b)
The 1D cut of the absorption profile in the four different layers: ITO,
donor, acceptor and Al. (c) Absorption profile in D-A blend with the
inserted electrodes. (d) Photon absorption the various layers of the
BHJ cell. Solid lines represent the results without NEs and dashed
lines are for the NEs.

In Fig. 4.14a, we plot the optical field distributions inside a PHJ cell under AM1.5
illumination for P3HT: PCBM material system. In Fig. 4.14b, we show the photon
absorption profile along the horizontal line (shown as dashed line in Fig. 4.14a) for two
cases: without inserted electrode (solid line) and with inserted electrode (dashed line).
We find that even though the optical field (hence photon absorption) is enhanced in
the close proximity of the inserted electrode, the field is essentially unaltered in rest
of the active layer. Similar analysis for BHJ cells in Fig. 4.14, leads to the same
conclusion.
Next, in collaboration with my colleague Mr. M.R. Khan, we explore the effect of
the NEs on the absorption spectra (A(λ)) of 1:1 P3HT: PCBM blend, in Fig. 4.15a.
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Note that we first optimize the various layer-thicknesses for maximum absorption
in typical BHJ-OPV cell (dimensions given in the caption of Fig. 4.15a) and then
compare its absorption property with NE. The figure also shows that even though the
inserted electrodes take away 10% of the active volume, the overall absorption is not
compromised. If the layer-thicknesses are not optimized, a thicker active layer may
have lower absorption (the dotted line in Fig. 4.15a). The nano-structured electrodes
in such un-optimized cells will apparently show higher optical gain as illustrated in
the next paragraph (see also Fig. 4.15b). For more quantitative analysis of the effects
of the NEs on optical performance we express the integrated absorption in the active
layer in terms of the maximum possible short circuit current as follows,

JSC (max) = q

Z

A(λ)I0 (λ)
dλ.
hc/λ

(4.1)

Here, A(λ) is the absorption spectrum in the blend calculated by the procedure
described in the model system and I0 (λ) is the AM1.5 spectrum. q, h, and c are electron charge, the Planck’s constant, and the speed of light respectively. We calculate
the JSC (max) for the various thicknesses of the active layer (keeping the thickness
of the other layers fixed) and plot them in Fig. 4.15b. In this figure, the solid line
represents the results obtained for usual planar electrodes with different active layer
thickness. The dashed line (or dotted line) represents the total absorption in the
presence of inserted ITO (or back electrode Al) electrodes. Electrode heights are
assumed to be half of the film thickness. The plot clearly shows that the inserted
electrodes can increase (slightly) or decrease (slightly) the optical absorption depending on the thickness of the active layer. For example, in Fig. 4.15b higher absorption
is observed with the NEs for film thickness 150 nm, while slightly degrading effect in
absorption is observed for 100 nm film thickness. Thus, even though the NEs displace
the absorbing volume (by 10% in the simulation), the integrated optical absorption
still remains almost unchanged due to the field enhancement closer to the electrode
surface.
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We emphasize that if instead of ITO, metallic electrodes are inserted then the
absorption of the TE waves of the input illumination is diminished. Thus, nanostructured metallic electrodes will have much lower absorption for certain active layer
thickness (dashed lines in Fig. 4.15b). Therefore, we must design the projected
electrode structure with optically transparent electrodes (ITO).
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Fig. 4.15. Effect of nano-structured electrodes on optical absorption
of 1:1 P3HT: PCBM blend. (a) Absorption spectrum in BHJ cell
for three different structures. Solid line: optimized planar electrode
(LIT O = 100 nm; Lblend = 100 nm; LAl = 100 nm) ; dotted line: unoptimized planar electrode (LIT O = 100 nm; Lblend = 140 nm; LAl =
100 nm) and nano-structured electrode: (LIT O = 100 nm; Lblend =
100 nm; LAl = 100 nm; Helec = 50 nm; Selec = 100 nm and Welec = 20
nm) (b) Total photon absorption (expressed as maximum JSC ) in DA blend as a function of active layer thickness. Solid blue line is
for planar electrode, black dashed line is for projected electrode with
ITO and red dotted line is for projected electrode with Al. Electrode
heights are assumed half of the film thickness.

4.3.5

Summary of Design Rules for NEs

The opto-electronic analysis of the NE concept shows that optical enhancement
and transport enhancement cannot be achieved simultaneously. For the significant
enhancement of the charge transport, NEs need to be very closely spaced (< 100
nm), in contrast, optical enhancement requires electrode spacing in the order of the
wavelength (∼ 500 − 1000 nm). Moreover, the transport analysis of the effect of

109
projected electrode clearly shows that electrode insertion significantly enhance the
interfacial recombination in BHJ structure. Regardless, we find that for the PHJ
structure, inserted electrode significantly enhances the fill-factor of the device. Thus
the ideal design with projected electrode should involve the inter-digitized Fin-like
morphology embedded with projected electrode, which exploits the advantages of BHJ
morphology as well as the improved transport properties of the inserted electrode.
The essential physics of the electrode insertion (explored in the previous two sections)
can be summarized as follows:
• We find that for the efficient extraction of the charged carriers from the low
mobility organic materials, the electrode dimensions need to be designed quite
differently from that of the photonic crystal design. We find that for better
charge collection, the electrodes must be spaced closely(∼ 100 nm) and electrode
height must be approximately half the film thickness.
• Our analysis shows significant recombination loss whenever the NEs cross the
D-A interface. This restricts the electrode design exclusively in a single material. Since the hole mobility in the donor polymer is low, it is evident that
the inserted electrode should be designed for collecting the holes in donor polymer. This design consideration can be easily implemented for PHJ cells, but
implementation of this strategy for BHJ cells requires additional considerations.
• The NEs enhance the optical absorption in the proximity of the electrode surface. However, this local enhancement is compensated by the active volume
loss due to the finite volume of the electrodes. Hence we find that the overall integrated absorption remains relatively unaltered with inserted electrodes.
However, insertion of metal electrode can degrade the absorption. Thus, nanostructuring of the electrode needs to be done for the optically transparent electrodes (e.g., ITO) as metallic electrode degrade the absorption for TE waves.
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4.4

Conclusion
In summary, we have demonstrated that it is possible to solve charge collection

problem in low-mobility organic solar cells by novel device concepts. Specifically,
1. We propose and theoretically demonstrate that it is possible to achieve very
high FF (> 80%) even in low mobility OPV cells by incorporating a fixed charge
layer at the D-A interface. We have provided quantitative estimate of the charge
density required for high-FF cells and discussed the potential strategies for the
implementation of the concept for conventional OPV devices. In general, this
work motivates the future OPV material design based on formation of dipole
layer at the donor-acceptor molecular interfaces.
2. We have shown that the charge collection property of the nano-structured electrodes provides an interesting design alternative for low mobility organic solar
cells. We formulate the essential guidelines for designing nano-structured electrodes with the aim of improving the charge collection and explore the physics
of nano-structured electrodes embedded in the complex organic semiconductors.
Our theoretical analysis suggests that an optimum co-design of electrodes and
morphology is essential for the significant performance improvement (mainly
through fill-factor).
So far in this thesis, we have analyzed the heterojunction based OPV cells by
modeling and simulation and proposed design concept for performance improvement.
In the next chapter, we assess both theoretically and experimentally the prospect of
long abandoned (HJ-free) single material based OPV cells.
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5. PROSPECT OF HETEROJUNCTION-FREE POLYMER
SOLAR CELLS
5.1

Introduction: Motivation for HJ-Free PSCs
Photovoltaic properties of semiconducting polymers were first demonstrated in

1993 by several groups [13–15]. The device structure of those early polymeric solar
cells (PSCs) was very simple, just the polymer film sandwiched between two metals
of different workfunction values. The efficiency of these early PV cells was minuscule,
mainly because of poor photocurrent (Jph ≈ 10 µA under 1 Sun). Later, with the
introduction of the bulk heterojunction (BHJ) concept [16] Jph of PSCs was improved
significantly, and from then onward BHJ remains the most successful device structure
[18, 19, 22–25, 29]. There are, however, many fundamental limitations associated with
the BHJ concept:
• The band discontinuity at the heterojunction leads to voltage loss, which is
reflected as the reduced open circuit voltage of BHJ cells [121, 172]. This is
illustrated in Fig. 5.1, where ∆E denotes the energy loss (or equivalent voltage
loss) at heterojunction. This occur because electrons and holes can recombine
at the interface (crossgap) at an energy lower than the optical gap of donor and
acceptor.
• The efficiency of BHJ cells is highly sensitive to the processing conditions (such
as mixing [39], annealing [75], etc.) because optimal phase segregation between
donor-acceptor molecules needs to be ensured for high-performance cells. Thus,
variability and yield are two serious concerns for BHJ based solar cells [79].
• Since phase segregation is a temperature activated phenomena; it does not completely stop after the BHJ cell fabrication. Indeed, continuous phase segregation
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Fig. 5.1. Voltage loss due to the band offset at the D-A HJ.

under operating condition is an inherent stability concern for BHJ based solar
cells [6].
Heterojunction-free device design promises to solve all the above problems, provided the Jph of such devices is significantly improved. Therefore, in this chapter we
systematically investigate the origin of poor photocurrent in HJ-free devices and also
provide many potential solutions to improve the Jph . Our discussion in this chapter
will be based on poly(3-hexylthiophene) (P3HT) as the representative semiconducting
polymer.
The chapter is organized as follows. We first formulate (and experimentally establish) an alternative theory for the origin of poor Jph in HJ-free cells based on
inefficient charge collection, without invoking the classical interpretation of field dependent exciton dissociation theory. We justify our theory by establishing the energy
band diagram of PSC using careful impedance spectroscopy measurements. The energy bands conclusively prove that poor charge collection caused by defect induced
electric field screening is the main performance bottleneck in these devices. We also
show that the collection limited theory of Jph explains a set of anomalous experiments
associated with PSC, namely strong voltage dependent reverse Jph , efficiency loss at
higher illumination, etc. Finally, we discuss and provide experimental demonstration
for several strategies to improve Jph from HJ-free devices.
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Fig. 5.2. Current-voltage (J-V) characteristics of PPV based photodiode as reported in the mid 1990’s. (a) Device structure (b) corresponding J-V characteristics as reported in ref. [13]. (c) Photocurrent
at V = 0 V for different light intensity for PPV based cell reported
in ref. [14].
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Fig. 5.3. Current-voltage (J-V) characteristics of P3HT based photodiode. (a) Device structure (b) corresponding J-V characteristics
under 1 Sun illumination (c) J-V characteristics under dark condition.

5.2

Origin of Poor Photocurrent in HJ-Free PSC
Charge generation and charge collection are two fundamental processes in defining

the photocurrent of solar cells. Mathematically, we can write
Jph = ηex ηC Jmax ,

(5.1)

Here, Jmax is the equivalent current density (and defines the maximum limit of Jph ) obtained from integrated absorption in the film. Typically, Jmax = (10 ∼ 20) mA/cm2 ,
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depending on the optical gap for various polymers. The other two factors in Eq.
(5.1) are the efficiency of exciton dissociation (ηex ) and charge collection efficiency
(ηC ). The measured Jph at the short circuit condition (V = 0 V) from HJ-free PSC
is generally ∼ (10 − 20) µA/cm2 for 1 Sun illumination. For example, in Fig. 5.2
we plot the published Jph values from PPV (or it’s functional derivative) based PSC
as reported by several experiments in early 1990s [13–15]. We also repeat the early
1990’s experiment on HJ-free PSC with P3HT and the results are shown in Fig. 5.3.
As expected, we find that Jph from the cell is few µA/cm2 under 1 Sun illumination.
Due to the poor Jph value, HJ-free PSCs were abandoned long ago and BHJ based
cells became the popular choice since late 1990s. The reason for poor Jph in HJ-free
cells is commonly attributed to the small ηex ∼ 0.1% in conjugated polymers assuming
ηC ∼ 100% [66–68,72,73]. Such low ηex is traditionally explained by Onsager’s theory
of geminate pair recombination [66, 68, 173], typically applicable for low mobility
materials such as molecular crystals.
In this chapter, we show that the main reason for poor Jph in PSCs is not the
charge generation process but the poor charge collection property of the semiconducting polymers. To demonstrate this hypothesis, in the following subsections we
first establish the energy band diagram by careful impedance spectroscopy measurements. From the energy band diagram, we estimate the collection efficiency which
explains the origin of poor Jph without invoking exciton dissociation argument. We
also provide detailed numerical simulation results to explain our results.

5.3

Establishing Energy Bands of PSC
The charge collection properties of a solar cell can be accurately understood from

the energy band diagram of the device. The energy bands of an organic photodiode are
often drawn assuming the MIM (metal-insulator-metal) model, where the active layer
is considered defect-free intrinsic semiconductor [50] (see Fig. 5.4a). Recent studies
show, however, that semiconducting polymers contain high density of electronic defect
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Fig. 5.4. (a) Energy band diagram of the absorbing layer in the absence of charged defects and (b) in the presence of charged defects.

states acting as p-type dopants [174–176]. The defect states, especially those filled
by electrons, form a space charge region near the metal-organic interface. The space
charge alters the electrostatics significantly by screening the electric field near the
metal-organic junction. The resulting energy band diagram of the absorbing layer
containing p-type defects is shown in Fig. 5.4b; it consists of two distinct regions:
one is the space charge region near anode-organic interface (anode is typically a low
workfunction metal for collecting electrons), where energy bands bend screening the
electric field. The other region is charge neutral, where bands are almost flat, meaning
electric field is zero. Charge carriers in the neutral region can move only by diffusion.
Since the mobility (or diffusion coefficient) in organic semiconductor is very low , the
carrier diffusion length is small making charge extraction from the neutral region very
√
inefficient. For example, the electron diffusion length in P3HT is Ldif f = Dτrec ≈ 5

nm, for an electron mobility of µe ∼ 10−4 cm2 /V s and a typical recombination time
of τrec ∼ 100 ns. Due to this low diffusion length, almost all the photo carriers
generated in the neutral region recombine. Thus, the charge collection length (LC )in
the organic photodiode is limited by the length of the space charge region (LS ). In
the following subsection we will first establish the space charge based energy band
diagram for organic photodiodes by impedance spectroscopy measurements and then
we will provide quantitative estimates of LC and LS for P3HT based PSCs.
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Fig. 5.5. (a) Capacitance-voltage response of the P3HT photodiode
under dark (blue) and light(red) measured at low frequency (f = 200
Hz). (b) The corresponding Mott-Schottky plot for the C-V data.
(c) Capacitance-frequency response of the same photodiode measured
at V = 0 V. (d) The corresponding energy band diagram for the
photodiode under light (red) and dark (blue). Note that the energy
band diagrams are quite different under light and dark which is also
confirmed by the C-V characteristics. The deep level defects in the
semiconducting polymer get filled under light, which increases the
space charge density in the device.

5.3.1

Impedance Spectroscopy: Dark Vs Light

Impedance spectroscopy is a widely used technique to characterize the energy band
diagram of semiconducting devices. In Fig. 5.5a we plot the capacitance-voltage (CV) response at low frequency (200 Hz) for P3HT photodiode (device structure shown
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in the inset of the figure). In the absence of space charge (or dopants), semiconducting
polymers of wide bandgap (EG > 1.5eV ) behave like an insulating dielectrics (e.g.,
Fig. 5.4a) and hence their capacitive response should be similar to a parallel plate
capacitor governed by the following equation:
CG =

ǫr ǫ0
,
Lf ilm

(5.2)

where ǫr is the dielectric constant of the polymer and Lf ilm is the thickness of the
polymer layer. Clearly, CG is voltage independent. However, impedance measurement
on organic photodiodes made of typical semiconducting polymers (such as P3HT,
MEH-PPV, CuPc, etc.) show a strong voltage dependence as illustrated in Fig. 5.5a
for P3HT photodiode (The C-V characteristics for other organic semiconductors are
given in Appendix). This voltage dependent C-V response clearly invalidates the
defect-free intrinsic band diagram (Fig. 5.4a) for organic photodiodes.

Next, we find that the measured C-V data for P3HT photodiode exactly follows
the Mott-Schottky (MS) equation [177]:
1
=
C2



2
qǫNt



(Vbi − V ) ,

(5.3)

where Nt is the density of ionized dopants (or charged defect states) and Vbi is the
built-in voltage. In Fig. 5.5b, the solid lines represent Eq. (5.3) and symbols are
measured data. The close agreement of the measured data with the MS equation
proves the formation of space charge region near metal-organic interface. The MottSchottky plot (i.e., Fig. 5.5b) thus confirms the energy band diagram of Fig. 5.4b
for the P3HT photodiode. The corresponding space charge (or ionized dopants/
defects) density can be calculated from the slope of MS plot to we find Nt ∼ 1016

cm−3 under dark for P3HT photodiode. Similar defect or dopant density is also

reported previously by several groups [178–181]. The reported space charge densities
are usually measured under dark conditions. In the following, we show that under
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light illumination Nt increases significantly, which has profound impact on the charge
collection in a photovoltaic device.
In Fig. 5.5 we also show the measured C-V data under light illumination for the
P3HT photodiode. Remarkably, we observe significantly higher capacitance in the
light rather than the dark. If we perform the same MS analysis (Eq. (5.3)), we
can calculate space charge density under illumination to be Nt (Light) ≈ 1017 cm−3
(see Fig. 5.5b). Higher space charge density implies smaller LS as evident from the
following equation:

 12
2ǫr ǫ0
ǫr ǫ0
=
(Vbi − V ) .
LS =
C
qNt

(5.4)

For example, LS ∼ 100 nm corresponding to Nt (dark) ∼ 1016 cm−3 at V = 0 V,
Vbi = 1 V and ǫr = 3 (typical numbers for P3HT photodiodes). Similar calculation
under light illumination shows that LS (light) ∼ 30 nm for Nt = 1017 cm−3 . This
reduction in LS will be reflected in the energy band diagram as shown in Fig. 5.5d.
Clearly, the energy bands of an organic photodiode significantly change under light
illumination, which has significant impact on the charge collection efficiency because
LC is limited by LS in organic photodiode. Thus, understanding the physics of LS
and its accurate estimation is very important.
In order to evaluate the accuracy of the Nt estimation, we perform C-f measurement on the same P3HT photodiode both under dark and light, and the data is plotted
in Fig. 5.5c. Note the unsaturated nature (or rising trend) of the C-f characteristics
at low frequency regime for the measurement under light. Such an unsaturated C-f
characteristics is a clear signature of light induced filling of deep level traps and associated increase in space charge density. In addition, the unsaturated C-f characteristics
also imply that if the CV measurement were possible to perform at lower frequencies,
the estimated defect density would have been much higher. Thus, the calculated Nt
(light) from the slope of Mott-Schottky plot (measured at 200 Hz, in Fig. 5.5b) is
an underestimation of the actual space charge density in the photodiode. In other
words, the actual values of Nt >> 1017 cm−3 and LS << 30 nm under illumination
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in P3HT photodiode. A precise, low frequency impedance analyzer is required to get
more accurate estimation of Nt and LS .
Even though many of the concepts for estimating Nt are known in the literature
and many groups have already published the values of Nt in organic photodiodes
[178–181], the consequence of this space charge density on the device electrostatics
or charge collection was never been discussed. In the subsequent sections we explore
the role of this space charge on collection efficiency.

5.4

Origin of Poor Collection Efficiency
The charge collection efficiency in typical OPV devices is generally assumed to

be perfect, and many recent studies have reported ∼ 100% collection efficiency for
BHJ devices [26]. The charge transport in BHJ devices is fundamentally different
than in single material based organic photodiodes. Charge collection mechanism in
BHJ devices is discussed in more detail in Chapter 6. In this section, we focus on the
charge transport property of HJ-free organic photodiode. We show that ηC in typical
HJ-free polymer film is orders of magnitude smaller mainly because of two reasons:
i) the defect induced electric field screening and ii) wrong collection zone.

5.4.1

Defect Screening

Carrier transport in any semiconducting material can be understood with generalized drift-diffusion formalism. As discussed in the previous section, a polymeric active
layer consists of two distinct regions; one is the space charge region containing fixed
charge (or trapped charge) density which screens the electric field. The remaining
portion of the active layer is charge neutral, where electric field is zero. In the absence of electric field, charge transport in neutral region is purely by diffusion. Since
the diffusion length in low mobility (µ = 10−4 V cm−2 /V s) semiconductors is small
√
(Ldif f = Dτrec ≈ 5 nm, for τrec = 100ns), most of the photo-generated charges
in the neutral region recombine before being collected. The charge collection in the
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space charge region is greatly enhanced due to the presence of built in electric field
given by E ≈ (Vbi − V )/LS , where Vbi is the built in voltage and LS is the length
of the space charge region. The electrostatic field drives the charge carriers by drift,
characterized by a drift length, Ldrif t = µEτrec , which is typically limited by the
space charge length. Thus, the collection length in typical polymer film is given by
the following equations

LC = min [Ldrif t , LS ] + Ldif f ,
= LS + Ldif f

(5.5)
(5.6)

The corresponding collection efficiency is given by

ηC =



LC
Lf ilm



.

(5.7)

In Sec. 5.3, we estimated LS << 30 nm and Ldif f ∼ 5 nm. Thus, Eq. (5.5) and
(5.7) suggest that ηC < 20%, for Lf ilm = 200 nm. In the following, we show that
ηC is much smaller than this due to nonuniform absorption profile. It is important
to clarify that the above equation for ηC holds for uniform generation profile. For
non-uniform generation Eq. (5.7) needs to be modified as follows:



LC
Ḡ(LC )
ηc =
,
Lf ilm
Ḡ(Lf ilm )

(5.8)

where Ḡ(x) is the average generation in the film for the distance of x from the minority
carrier collection contact. In the following subsection, we will show that due to
nonuniform absorption profile ηC in the typical PSCs is dramatically small.

5.4.2

Collection Zone

Semiconducting polymers are generally direct band gap material and hence strong
absorber of light. Most of the light absorption takes place within few tens of nanometer from the top contact of the cell. This is illustrated in Fig. 5.6e, where we plot
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Fig. 5.6. (a) The device structure and (b)energy bands of PSC devices are shown with typical electrode and (c,d) inverted electrode
configuration. Note that the space charge layer or band bending is
located at the back contact side in typical electrode devices, but it is
moved in the front contact side in inverted devices. (e) Light absorption profile from the front (right) to the back (left) contact is shown
for both inverted and typical devices. The charge collection zones are
indicated by shaded regions in the figure.

the absorption profile of P3HT photodiode for both typical and inverted electrode
configuration. Fig. 5.6e clearly shows that absorption at the back contact or bottom
contact is minuscule. In typical PSC devices, however, the collection zone is located
at the back contact, because semiconducting polymer being P-type (typically) forms
the space charge region at the low workfunction contact (back contact). Thus, the
collection efficiency given by Eq. 5.8 is very small, which explains the poor Jph from
HJ-free PSCs. Even though poor Jph of PSC is generally attributed to incomplete exciton dissociation, our collection efficiency based theory, for the first time, provides an
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alternative but more fundamental explanation for the origin of poor Jph in PSCs. In
the next section, we further justify the collection limited theory of Jph by comparing
the performance of PSCs with typical and inverted electrode configurations.

5.5

Experimental Demonstration of Collection Limited Jph
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Fig. 5.7. Current-voltage (J-V) characteristics of P3HT based photodiode. (a) Device structure (b) corresponding J-V characteristics
under 1 Sun illumination (c) J-V characteristics in dark

5.5.1

Inverted Electrode Improves Jph

As discussed in the previous section, one of the main reason for poor collection
efficiency is the wrong collection zone in the typical OPV devices (see Fig. 5.6a). The
position of the collection zone can be flipped by inverting electrode configuration of
the cell. This is generally done by inserting a thin electron selective layer (such as
TiOx) between ITO and the organic layer, acting as the top contact. The bottom or
back contact needs to be made of a high work function metal(such as Au) to collect
holes. One such inverted P3HT based photodiode is shown in Fig. 5.6b. Note that the
space charge is formed at the ITO contact side which is also the high absorption zone.
The absorption profile in the polymer, however, remains almost identical irrespective
of electrode polarity as illustrated in Fig. 5.6. Thus for the inverted cells, the space
charge region (or collection zone) exactly coincides with the higher absorption zone
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which will enhance carrier collection. Below, we show measured J-V characteristics
of inverted P3HT cells which proves this higher collection argument.
Fig. 5.7 clearly shows an almost 100 fold improvement in Jph by inverted electrode configuration compared to the typical electrode based P3HT photodiode (see
Fig. 5.3b). This performance gain is statistically robust with various active layer
thicknesses (by varying the solution concentration for active layer) and invariably we
observe 50-100 fold improvement in Jph for all the inverted devices as shown in Fig.
5.8.
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5.5.2

Voltage Dependent Jph

Unlike conventional solar cells, the Jph in single material based OPV devices generally show very strong voltage dependence, especially in the reverse bias regime (see
Fig. 5.9). It is generally argued that if the primary photo-excitation were free carriers then Jph ∝ qGL should have been field independent for large negative voltages.
Thus, field dependent Jph is often referred as an unambiguous signature for the exci-
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ton model, and generally explained by the voltage dependent charge generation (or
exciton dissociation) efficiency (ηex ).
In Fig. 5.9 we provide a simpler explanation for the increase of Jph in reverse bias
based on voltage dependent collection efficiencyηC , without invoking any rate-limiting
role of excitons. Fig. 5.9a shows the J-V characteristics for P3HT based photodiode
for negative applied voltages. Clearly, the current sharply increases in the negative
voltages. We take three representative points in the J-V plot to explain this voltage
dependence. Fig. 5.9b shows the active layer band diagram for these three different
negative voltages obtained by numerical simulation. The plot illustrates the fact
that the space charge length (which is also the charge collection length, LC ∼ LS )
increases under reverse bias. Thus, collection efficiency, ηC ∼ LC /Lf ilm increases with
negative voltages explaining the increase in Jph . This voltage dependent LS is also
confirmed by capacitance-voltage measurement on the photodiode as shown in Fig.
5.9c. The close agreement between the theory and experiment in Fig. 5.9 confirms
our assertion that the voltage dependent carrier collection can consistently interpret
electrical performance of single layer OPVs, without invoking any rate-limiting role
of excitons.
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(d)

Ideal

Fig. 5.10. Illumination intensity dependent performance of organic
solar cells. (a) Efficiency (b) short circuit current (c) open circuit
voltage and (d) fill factor. All the performance metrics are normalized by performance values at intensity = 100 W/m2 . Symbols are
experimental results obtained from ref. [182] and lines are results from
self-consistent numerical simulation.

5.5.3

Illumination Intensity Dependent Jph

An unusual feature of OPV technology is that its power conversion efficiency
(PCE) improves at lower illumination intensity. Exciton dissociation theory cannot
explain this trend observed across broad range of material systems. The collection
limited theory of photocurrent offers a consistent explanation for this trend.
In Fig. 5.10 we plot the normalized solar cell performance metrics as a function of
illumination intensity. Current values are normalized with equivalent current density
at the corresponding light intensity. Ideally, JSC (normalized) and FF should remain
same with intensity, because generation is proportional to light intensity. The VOC on
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the other side should slightly increase with intensity because the splitting of quasiFermi levels increases with intensity. Thus, efficiency (= JSC VOC F F/Pin ) should
increase with intensity as typically observed in inorganic solar cells. However, as
shown Fig. 5.10, JSC (normalized) and FF sharply decreases with illumination intensity which in turn reduces the efficiency. These trends can be consistently explained
by intensity dependent ηC as discussed below.
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Fig. 5.11. (a) Measured C-V data of the P3HT photodiode with
increasing intensity. (b) Corresponding energy band diagram of the
active layer of the device at low and high light intensity.

We have discussed that ηC ∼ LS /Lf ilm (see Eq. (5.7), where LS is the space
charge length of the photodiode (or Schottky junction diode). We also discussed
that the value of LS depends on the charged defect density in the semiconductor.
By measuring the intensity dependent capacitance voltage characteristics, one can
measure the modulation of space charge density and the corresponding collection
length change under various light illumination. In Fig. 5.11 we plot the measured
C-V data as a function of illumination intensity for the same P3HT based photo
diode. From the slope of the M-S plot we find that the space charge density increases
with higher illumination intensity. This increase in space charge with illumination
suggests that light illumination fills the deep level traps, present in these polymeric
semiconductor (details on the characterization of deep level traps is discussed in
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Appendix). The increase in space charge density screens the electrostatic field within
a narrower region and thereby reduces the LS and charge collection. This effect of
reduced LS is illustrated by simulating the energy band diagram corresponding to
extracted defect density under illumination and dark as shown in Fig. 5.11b. Fig.
5.11 clearly explains the origin of lower OPV efficiency due to smaller LS with higher
intensity.

5.6

Strategies for High Efficiency HJ-Free PSC Design
HJ-free device design promises to improve efficiency of PSCs by improving the

open circuit voltage (VOC ). Thus, HJ-free PSCs can potentially raise the efficiency of
OPV cells close to the Schokley-Quiesser limit, which is otherwise impossible by bulk
heterojunction concept. In this section, we describe a few design concepts that can
overcome the transport bottleneck of HJ-free cells and thereby significantly improve
the efficiency.

5.6.1

Suitable Design of Buffer Layer

-

3.0 eV

4.2 eV
+

Au

+

ITO
TiOx

7.5 eV

Fig. 5.12. Energy band diagram for TiOx based inverted P3HT photodiode.
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Even though Jph is significantly improved with inverted electrode, the VOC remains
lower than the expected value from HJ-free devices. We find that the lower VOC is
due to higher leakage current as reflected in dark J-V characteristics (see Fig. 5.7c).
Reason for such high dark current or low VOC can be understood from the energy
band diagram (see Fig. 5.12). Since the conduction band of TiOx lies much lower
than the LUMO of P3HT, more than 1 eV energy is lost when electron is transferred
from P3HT to TiOx. Thus, the ideal cathode buffer layer material should have the
conduction band edge close to its LUMO level. E.g., Hafnium Oxide (HfO2 ) could
be a potential interlayer for P3HT. However, further work is required to confirm this
hypothesis.
The shunt leakage in the fabricated P3HT photodiode is significantly high, which
may be due to metal atom diffusion during thermal evaporation of metal back contact
(Au). To minimize such diffusion, we fabricated few devices with with a very thin
hole selective interlayer material such as MoO3 (see Fig. 5.13). We find that devices
with MoO3 have significantly lower shunt current (see Fig. 5.13) and hence very high
VOC > 0.7 V. However, the Jph in the MoO3 based devices was not very high keeping
the overall efficiency poor. Further, study is required for the optimized design of
the buffer layers that can simultaneously improve both JSC and VOC and hence the
efficiency.
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Fig. 5.13. Current-voltage (J-V) characteristics of P3HT based photodiode. (a) Device structure (b) corresponding J-V characteristics
under 1 Sun illumination (c) J-V characteristics in dark condition.
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5.6.2

Projected Electrode for Higher Collection

In this chapter we have shown that the charge collection in HJ-free PSC is limited
by the space charge length,( i.e. LC ∼ LS ), which is very small (LS ≈ 20 − 40nm) in
typical organic semiconductor (OS). Thus, in principle, if we design the active layer
thickness same as LS , all the photo-generated e-h pairs can be collected. However,
total absorption in such a thin film will be too small to make a good solar cell. Thus,
there exists a fundamental absorption vs. transport trade-off in these HJ-free solar
cells.

ITO

Typical
Inverted

Projected Electrode
(Inverted )

Al
(a)

Defect-Free

(b)

Fig. 5.14. Current-voltage (Illustration of projected electrode concept
for HJ-free PSC. (a) Device structure (b) corresponding J-V characteristics under 1 Sun illumination.

In this section, we propose projected electrode concept to breach the absorption
vs. transport trade-off. This concept is exactly same as the nano-structured electrode
design which we have discussed in detail in Chapter 3 in the context of BHJ solar
cell. Even though we concluded in Chapter 3 that nano-structuring does not improve
performance of BHJ cells significantly, it has a great benefit in the case of HJ-free
PSC as shown by simulation in Fig. 5.14. Physically, the inserted electrode extend
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the space charge region almost in the entire polymer film and thereby enabling higher
charge collection, reflected in higher FF and JSC in Fig. 5.14b. Note that we have
inserted the electrode corresponding to lower workfunction (for inverted configuration
it is the TiOx coated top contact), since space charge is form around that contact.
For the sake of comparison, we also plot the J-V characteristics of an ideal (defect
free) polymer film of same thickness in Fig. 5.14b, which shows that there is a
significant room for performance improvement in HJ-free PSC if we can synthesize
semiconducting polymer of higher purity.

5.6.3

Layer-Split Tandem Concept

Recently, we have proposed (in collaboration with my colleague Mr. M.R. Khan)
the “layer-split-tandem” structure for the single organic semiconductor (OS) to overcome the absorption vs. transport trade-off related to HJ-free PSC. The concept
was originally introduced in the 1990s to address charge-transport bottleneck in a-Si
PV [183, 184]. Since µOS ≈ 10−4 cm2 /V s, the concept of “layer-split-tandem” could
offer significant improvement in OPV efficiency. Indeed, the general validity of the
idea is already demonstrated albeit with BHJ-OPV [35, 185].
Briefly, the idea is explained in Fig. 5.15 by drawing energy band diagram. Band
diagram-a corresponds to a solar cell with a thick active layer which can absorb almost
all photons (over its band-gap) incident onto the structure. On the other hand, band
diagram-b has the layer-split-tandem configuration with the same total absorption as
in band diagram-a, and optically designed to ensure current matching between the
two split layers. Organic semiconductors being inherently p or n-type, the photogenerated carriers only within the depletion region (LC ) near the Schottky junction
can be collected (see Fig. 5.15(a)). Thus, even though cell-a has higher thickness than
cell-b, JSC (a) ≈ JSC (b) ≈ GLC , assuming same photo-generated carrier density G
for structures a and b in Fig. 5.15. Due to series connection, VOC (b) ≈ 2VOC (a) and
due to lower thickness F F (b) > F F (a). Therefore, η(b) > 2η(b) the split-tandem
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Fig. 5.15. (a) Schematic band diagram for a p-type material showing
bending due to formation of Schottky contact (left contact). Only
carriers from the LC region can be collected. Carriers from the quasi
neutral region (shaded dark) are not collected. (b) A schematic band
diagram for the tandem solar cell. Each of the sub-cells have their own
Schottky junctions and hence essentially have electric fields throughout the thicknesses. The interlayer is assumed to provide a low resistance path for electron-hole recombination.

could be more than twice as efficient as single junction counterpart. Obviously, the
improvement will be reduced once the interlayer absorption and series-resistance losses
are accounted for. Conceptually, therefore, SS-tandem appears as a plausible idea;
however, quantitative conclusions regarding the viability of the approach can only be
drawn based on detailed numerical modeling of coupled photon-electron-hole system,
which remains as one of the suggested future work.
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5.7

Conclusion
In summary, we have experimentally demonstrated that HJ-free PSCs design has

bright prospect for future high efficiency organic solar cells. In particular, we have
the following conclusions:
1. We have experimentally demonstrated, for the first time, high photocurent
(Jph > 1mA/cm2 ) under 1 Sun from polymer-only OPV cells without using
any acceptor molecules (or heterojunctions).
2. By impedance spectroscopy measurements, we prove that space charge is formed
in HJ-free PSCs. We also show that poor charge collection, caused by defect
induced electric field screening (or space charge effect), is the primary performance bottleneck in HJ-free PSCs.
3. We proposed three different strategies: the inverted cell design, the projected
electrode and the layer-split tandem concept to improve Jph and overall efficiency from HJ-free PSC.
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6. PERFORMANCE BOTTLENECK: EXCITON
DISSOCIATION VS CHARGE COLLECTION
6.1

Introduction: Exciton vs. Free Carrier Generation
In this thesis, we have explored the physics of OPV cells in terms of free car-

rier transport, assuming exciton dissociation is not a significant bottleneck to OPV
performance. In this chapter we will provide the theoretical justification along with
experimental data (some taken from literature and some experiments done by us) for
establishing this hypothesis.
Historically, the operation of organic BHJ cells is depicted with the following four
sequential steps (see Fig. 6.1): (1) Photon absorption (2) exciton diffusion (3) charge
separation (4) charge transport. Mathematically, the Jph (defined in Chapter 3) of
an OPV cell is expressed as
Jph = ηex ηC Jmax .

(6.1)

Here, Jmax is the equivalent current density obtained from integrated absorption in the
film. Thus, Jmax captures the step (1) of OPV operation. The term, ηex , in the above
equation quantifies the efficiency of photo-generation of free charge carriers and hence
it contains the essential physics of steps (2) and (3) in the cell operation. The other
term in Eq. 6.1 is ηC which represents the charge collection efficiency by the respective
contacts (step (4) in device operation). In the OPV literature, ηC is generally assumed
to be ∼ 100%, since the typical film thickness is small (∼ (100 − 200) nm). Thus,
ηex is considered the performance bottleneck in OPV operation. Understanding of
OPV device physics and existing models for Jph , therefore, exclusively focus on the
field dependence of ηex . Unfortunately, despite intensive research over more than two
decades, the exact model for ηex and the mechanism of charge carrier photogeneration
in the conjugated polymer systems are still a subject of controversy [61, 63, 65–74].
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Fig. 6.1. Schematic of the various events happening at the D-A interface in BHJ-OPV. After the absorption of the photon in the donor
polymer, exciton (D∗ ) is generated. Exciton at the interface transfers its electron to the acceptor molecules, but the e/h pair remains
bounded by the Coulomb attraction and it is termed as charge transfer (CT) state. The bound e/h pair dissociates into free carriers with
a field dependent rate kD (E), or they decay to ground state with a
rate kf . Even the free carries can form again a bound e/h pair (with
a rate kr ) if they come closer to the interface.

Several mechanisms for primary photogeneration are proposed and the corresponding
models for ηex are derived, as summarized below.
1. Onsager theory for field induced dissociation of the singlet excitons:
[65–67, 173]

During the mid 1990’s, when the photovoltaic property of conjugated polymers
was reported, the measured Jph at short circuit (V = 0 V) was generally found
to be low ∼ 10 µA/cm2 for 1 Sun illumination. This poor Jph was attributed to
the formation of excitons and corresponding small ηex (∼ 0.1%) in conjugated
polymers, assuming ηC ∼ 100% [66–68, 72, 73]. Such low ηex was explained
by an exciton dissociation model [66, 68], typically applicable for low dielectric
constant materials such as molecular crystals. According to the exciton model,
a photon of energy higher than the optical gap of the semiconductor generates
a Coulombically bound (geminate) electron-hole (e-h) pair with a radius rth ,
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Fig. 6.2. Exciton dissociation efficiency given by (a) Onsager model
[173], and (b) Onsager-Braun model [186].

called the thermalization distance. The geminate e-h pair can either dissociate
into a pair of free charge carriers or recombine to form an excitonic (or bound)
state that will eventually decay radiatively or non-radiatively. The competition
between geminate e-h pair dissociation and recombination had successfully been
modeled by Onsager’s theory of geminate pair recombination [173]. In 1934
Onsager calculated the recombination probability of a pair of oppositely charged
ions in a weak electrolyte under the influence of their mutual Coulomb attraction
and external electric field using the laws of Brownian motion. Utilizing his
theory for ion pair recombination, the exciton dissociation efficiency can be
calculated as given below.
ηex (rth , E) = e−x e−y

X X xn

y m+n
x! (m + n)!

(6.2)

where
x=

q2
,
4πǫrth kT

(6.3)

qErth
,
2kT

(6.4)

y=

and E is the applied electric field. In Fig. 6.2, we plot ηex as a function of
electric field for various rth . The plot clearly shows ηex ∼ 10−3 for rth = 2nm
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and E = 107 V/m, which is the typical field at short circuit (SC). Even though
the Onsager model provides a preliminary explanation for the observed poor
Jph , there are many recent and old experiments that disagree the exciton model
for charge carrier generation and they will be discussed later in this thesis.
2. Onsager-Braun theory CT exciton dissociation: [63, 68, 186]

Although the Onsager model successfully explains the origin of poor photocurrent in polymer-only cells, its direct application for BHJ cells having high Jph
requires unphysically large rth . This problem was resolved by employing the
modified version of Onsager theory called the Onsager-Braun model [49, 186].
In 1983, Braun derived the model for ηex by assuming the charge transfer (CT)
state as the precursor of free charge carrier generation, typically applicable in
D-A composite [186]. The kinetic pathways involved in the CT exciton dissociation model is illustrated in Fig. 6.1. As shown in the figure, the bound e-h
pair (or CT state), formed after the dissociation of an singlet exciton at the
D-A interface, can either decay to the ground state with a rate constant kF or
separates into free carriers with a field dependent rate constant kD (E). The
decay rate (kF ) is dominated by phonon-assisted non-radiative recombination.
Once separated, the charge carriers can again form a bound pair with a rate
constant kr . Mathematically, according to Onsager-Braun model, ηex can be
expressed as follows.

ηex =

kD (E)
,
kD (E) + kF

(6.5)

where
√
J1 [2 −2b]
3
,
krec exp(−EB /kb T ) √
kD (E) =
4πa30
−2b

(6.6)

b = q 3 E/(8πǫk 2 T 2 ),

(6.7)
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and

kr =

qµ
.
ǫ

(6.8)

Here a0 is the initial separation between the bound e-h pair, EB is the e-h pair’s
binding energy, kr is the e-h recombination coefficient given by Langevin [187]
and J1 is the Bessel function of order 1. In Fig. 6.2b we plot the field dependence
of ηex given by Eq. (6.5), which shows higher dissociation probability compared
to the Onsager model for the same binding radius.
3. Direct free carrier generation [69–72]. As we have discusses in Chapter 5,
poor charge collection efficiency (ηC ) caused by defect induced field screening,
can explain all the typical experimental observations (such as poor Jph in single
material cell, the sharp increase in Jph for reverse voltages, the intensity dependent Jph , etc.), without invoking the rate limiting role of ηex . Even for HJ based
devices, the voltage dependence of Jph can be modeled through ηC , as we derived
in Chapter 3, by considering the competition between interface recombination
rate and the charge extraction rate. The main assumption behind the collection
limited theory is the small EB for the photo generated excitons so that under
broad band solar illumination, photo-excitation leads to a significant fraction of
free charges. Indeed, many recent and past experiments based on transient and
steady state photoconductivity in semiconducting polymers (primarily done by
Heeger and his co-workers in the 1990’s) also suggest the possibility of direct
free carrier generation.
In summary, no consensus has been achieved on the exact mechanism or the origin
of driving force for free carrier generation. The exact value of exciton binding energy
is the crucial quantity to settle the debate, however, as we discuss in the following
section, EB calculated theoretically or experimentally varies in wide range based on
measurement technique. Most of the OPV community believes that that irrespective of the nature of primary photo-excitation, as the excited carriers thermalise into

138
states near the band edges, they form Coulombically bound excitons with a certain
binding energy. Thus, exciton dissociation is considered the key process (or performance bottleneck) in the operation of organic solar cells.

Design of state of the art efficient organic solar cells always involves a donoracceptor heterojunction, whose main function is considered to dissociate excitons into
free charge carriers. However, in the following sections we will challenge this notion
with a series of careful experiments (some taken from literature and some done by
us) and with numerical simulations. In short, we reach the following conclusions:
1. We find that photon absorption in the semiconducting organic film generates a
significant fraction of free carriers. However, most of these free charges eventually recombine during OPV operation because of inefficient charge collection
caused by poor mobility and defect induced electric field screening.
2. We find that the key role of the D-A HJ is to separate electron and holes
in respective channels (electrons in acceptor and holes in donor) so that bulk
recombination is minimized.
3. We formulate an alternative theory of Jph purely based on charge (or free carrier) collection and recombination, without invoking the exciton dissociation
argument. Our theory successfully explains the voltage dependence and the
intensity dependence of Jph and offers a new route for device optimization.
The chapter is organized as follows. First, we summarize a series of well known
experimental observations on the photo physics of conjugated polymer systems. We
discuss the classical understanding of these experimental trends based on exciton
dissociation, and then provide an alternative explanation purely based on free (charge)
carrier collection theory, without invoking any exciton dissociation argument. We also
discuss many recent experimental observations, which shows that exciton dissociation
is not the performance bottleneck in conjugated polymer systems. We do not dispute
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(b)

PPV

MEH-PPV

Fig. 6.3. Spectral response of magnitude of peak transient photoconductivity (solid square), steady state photoconductivity (open circles)
are compared with optical absorption (line) for (a) PPV and its soluble derivative (b)MEH-PPV. Data taken from Ref. [69, 70].

the importance of excitons in the field-free region of organic semiconductor under
narrow band illumination, but argue that the exciton bottleneck does not play any role
on the performance of OPV under broad band solar illumination. Finally, we explain
the role of heterojunction on minimizing the free carrier (charge) recombination,
which is the key reason behind the higher performance of BHJ structure.

6.2

Experiments of Polymer Photo-physics

6.2.1

Binding Energy from the Onset of Photocondutivity

The magnitude of exciton binding energy (EB ) is the critical quantity which is at
the heart of the debate between exciton model [65–68, 73] and free carrier generation
model [69–72] of photoexcitation in conjugated polymers. If the exciton binding
energy is larger than tens of kb T , then bound excitons would be stable excitations.
On the other hand, if the exciton binding energy is small (less than or comparable to
kb T ), direct free carrier generation is plausible. Thus, accurate estimation of EB is
very important to settle the debate.
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One popular technique for the estimation of EB is to measure the energy difference
between the onset of optical absorption and the onset of photoconductivity. In the
early 1990’s [69] this method was applied to PPV and its soluble derivatives (MEHPPV) to estimate the EB . In Fig. 6.3, we show the reported data [69, 70]. The
data clearly shows the agreement between the energy for onset of photoconductivity
and the energy for onset of optical absorption. This indicates that EB < 0.1 eV.
However, this type of measurements are often questioned, because the early rise in
conductivity could be the result of defects and disorder; analogous to the sensitization
of the photoconductivity and the quenching of luminescence by the addition of small
quantities of fullerene [188].
There are other methods, such as analysis of optical absorption spectra, which
estimates higher EB ∼ 0.5 − 1.0 eV [189]. Theoretical estimates of the binding energy
also span a wide range: from EB ∼ 0.1 eV [189, 190] to 1.0 eV [191]. With such wide
range of reported EB values, there is no common consensus on the accurate values of
EB and hence the small binding energy indicated by a variety of experiments has not
been widely accepted.

6.2.2

Transient Photoconductivity Under Low Field

Time resolved transient photocurrent measurement is an important technique to
probe the fundamental physics of photoexcitation in a given materials. In the early
1990’s Heeger and co-workers [69, 70] performed extensive photoconductivity experiments on the PPV and MEH-PPV samples to explore the nature of photoexcitation
in the polymer systems. For example, in Fig. 6.4a we plot the transient photocurrent
(Ipc ) response measured at room temperature on MEH-PPV. The inset of the plot
shows the temperature dependence of the peak Ipc , which shows that Ipc is temperature independent, in contrast to Onsager theory. In addition, Fig. 6.4b shows linear
dependence of the Ipc ∼ qµnE in the low field regime, indicating photo-carrier generation being independent of E, contradicting Onsager theory of exciton dissociation.
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(a)

(b)

Fig. 6.4. Time resolved transient photoconductivity of MEH-PPV at
300K (solid dots) and 80K (open dots) at E = 3 × 104 V/cm (incident flux 6 × 1015 photons/cm2 ). The device structure is Au/MEHPPV/Al. The inset shows the temperature dependence of the peak at
2.3 eV (triangles) and at 2.92 eV (squares). b. Electric field dependence of the peak transient photoconductivity of MEH-PPV at 300K
for photoexcitation at 2.3 eV (dots) and 2.92 eV (squares). Data
taken from ref. [69, 70].

6.2.3

Uncorrelated Photocurrent and Luminescence Quenching at High
Field

Luminescence quenching at high fields is often interpreted as the signature of field
dependent exciton dissociation [192]. For example, Kersting et al. [192] reported fieldinduced quenching of the transient luminescence in poly(phenyl-phenylene-vinylene)
film. They found that the magnitude of the spectrally integrated luminescence decreases by about 30% in a field of 2 × 106 V/cm, which they explained by exciton
dissociation with relatively large binding energy. However, if the elementary excitations are strongly bound excitons, free carriers (charge) are generated only by exciton
dissociation. As discussed in the previous subsection, photoconductivity increases
linearly with E at fields that are orders of magnitude below the onset of luminescence
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(a)

(b)

Fig. 6.5. The dependence of the relative change in the transient phopc
L
tocurrent ∆I
and the luminescence quenching ∆I
0 on external field at
0
Ipc
IL
77K. The arrows denote the onset of the nonlinearity in the photoconductivity (open circles) and the onset of the luminescence quenching
(open squares). Data taken from ref. [71].

quenching. In addition, if carrier generation takes place via field-induced exciton dissociation, there will be a linear correlation between the increase in photoconductivity
(σ) or transient photocurrent peak (Ipc ) and the quenching of the luminescence (∆IL ).
Assuming that each bound exciton dissociated by the field leads to free carriers, we
can write,
∆Ipc
∆IL
∆σpc
= 0 =k 0 .
0
σpc
Ipc
IL

(6.9)

0
0
Here, σpc
is the low field photoconductivity, ∆σpc
is the conductivity change at high
0
field, Ipc
is the low field photocurrent, ∆Ipc is the increase in photocurrent peak, IL0

is the low field luminescence intensity and ∆IL is the change in luminescence at high
field.
The plot in Fig. 6.5a shows that onset field for the nonlinear photocurrent, E0pc =
0.77 × 105 V/cm, is much lower than the onset field of the luminescence quenching,

E0pl = 1.7×105 V/cm. In addition, the photocurrent is linearly dependent on E below
0
E0pc , and below E0pl the luminescence is field independent. In Fig. 6.5b ∆Ipc /Ipc
is

plotted versus ∆IL /IL0 . If carrier generation originates from exciton dissociation, a
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Fig. 6.6. The results of pump-push photocurrent transients for
MDMO-PPV/PC70BM cell. Scatters show increase in relative photocurrent induced by the push pulse. Pump photons had energy above
(580 nm) and below (800 nm) polymer and fullerene band gaps. Data
taken from ref. [63].

linear correlation should exist between these two quantities, which is clearly not the
case as shown in the plot.

6.3

Ultra-fast Spectroscopy Experiments on BHJ Devices
The role of charge transfer states is generally debated in the organic photovoltaic

community. It is often suggested that the field dependent ionization of charge-transfer
(CT) state is the performance bottleneck in OPV. Recent experimental results, however, show that CT excitons does not play any significant role in the OPV performance. Some of the recent experiments on the fate of CT excitons in BHJ cells is
discussed below:
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6.3.1

Probing hot CT states via infrared (IR) optical excitation

Traditionally, it is believed that the HJ enables dissociation of tightly bound
photogenerated excitons. The band offset (∆E) at the D-A HJ provides the driving
force to overcome the Coulomb binding energy of the excitons [61]. In the light of
many recent experimental observations, however, the exact role of the HJ remains
ambiguous. For example, Friend and co-worker [63] have recently performed careful
electro-optical pump-probe experiments to demonstrate that large band offsets are
not critical for long range charge separation. In their experiment they utilized abovegap as well as below-gap excitations and observed similar photocurrent transients for
both the cases (see Fig. 6.6), which demonstrates that charge separation effectively
occurs without the need of large excess enegy (∆E). Instead, they concluded that
the delocalized band states are responsible for long range charge separation in D-A
based OPV systems.

6.3.2

Transient absorption spectroscopy on BHJ cells

There has been much discussion on the recombination processes in organic BHJ
cells, specially, debate on the dominance between geminate vs nongeminate recombination. The key difference between geminate and nongeminate recombination mechanism is that geminate recombination occurs before mobile “free” carriers are created
(i.e., recombining electron and hole were both created by the same absorbed photon)
and nongeminate recombination takes place between free carriers. One distinguishing
feature between geminate and nongeminate recombination processes is the kinetics of
their decay. Geminate recombination typically takes place in less than few ns in the
absence of field, while separated free charges recombine on time scales approximately
from micro to milliseconds at room temperature in the semiconducting polymer.
Recently, Laquai and his coworkers [53] have performed transient absorption spectroscopy measurement on P3HT/PCBM based BHJ cells to distinguish between the
geminate and nongeminate recombination processes. In Fig. 6.7 we plot their tran-
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Fig. 6.7. Normalized induced absorption of free and bound charges
integrated over the spectral region of 750-800 nm as a function of time
in a P3HT/PCBM blend film measured at room temperature (black
squares) and at liquid nitrogen temperature (red circles) using a 4
µJcm−2 excitation pulse at 532 nm. Data taken from ref. [53].

sient absorption data at room and liquid nitrogen temperature for RR-P3HT/PCBM
blends. The data reveal that the formation of spatially separated free charges is not
temperature dependent and remains close to unity even in the absence of field and
at low temperature. This clearly demonstrate that CT states are not a performance
bottleneck and recombination in the BHJ cell is due to free carriers(nongeminate).

6.3.3

Transient photoconductivity in BHJ cells

Previous studies have interpreted the OPV I-V characteristics on the basis of
geminate recombination of the charge-transfer exciton (CTE) usually based on the
Braun-Onsager model of electric field ionization of the geminate CTE. However, recently Street and his coworkers have demonstrated that, geminate recombination in
typical BHJ cell is insignificant. Instead they concluded that the free carrier recombination (both trap assisted and bimolecular) defines the OPV I-V characteristics.
Their conclusion is based on voltage dependent transient photoconductivity mea-
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(b)

(a)

Fig. 6.8. (a) Voltage-normalized transient photoconductivity at different applied voltages as indicated, for a P3HT/PCBM solar cell at
room temperature. The inset shows the same data over an extended
time, for applied voltage, 1, 0, 0.4, and 0.6 V. (b) The initial carrier
densities, N0 (V ), in the P3HT/PCBM cell at room temperature, obtained from Eq. (6.11) for different bias voltages (open diamonds),
and the same data corrected for the RC time constant of the electronics (closed diamonds). The figure also shows the normalized integrated charge, Q(V ) obtained from Eq. (6.12) (solid squares) and
the dc current-voltage data (open circle). Data taken from ref. [56].

surement on BHJ cells and they found that charge generation in the cell is voltage
independent. Their argument is based on following equation.
Q(V ) = qN0 (V )ηC ,

(6.10)

where Q is the collected charge at the applied voltage V , N0 is the initial free charge
density just after photo excitation, and ηC is the charge collection probability. They
argued that if geminate recombination is the dominant mechanism, then voltage dependence of Q will arise from N0 . On the flip side, if nongeminate recombination is
dominant, then, N0 will be voltage independent, while voltage dependent of ηC will
depend on etaC . They calculate of N0 and Q independently based on the following
equations.

N0 (V ) =

IP (V, t = 0+)
,
qµ(Vbi − V )/d

(6.11)
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and
Q(V ) =

Z

IP (V, t)dt.

(6.12)

Here IP is the transient photocurrent, Vbi is the built in voltage, µ is the charge
mobility, d is the film thickness. Their measurement result on P3HT:PCBM system
is shown in Fig. 6.8, which clearly shows that N0 is voltage independent and hence
geminate recombination of CT exciton is negligible.

6.4

Experiments based on device characteristics under solar illumination

6.4.1

Comparison of Jph for Inverted Vs Typical OPV

In a typical OPV device, electrons are collected by the cathode (typically a low
work function metal such as Al), and holes are collected by the anode (typically
PEDOT: PSS coated ITO). In the inverted device configuration, the polarity of the
carrier collection is reversed by using different inter-layer materials, such as TiOx as
shown in Fig. 5.6c. Even though the inverted device configuration has been widely
studied for BHJ-OPV devices [193–197], its impact on the single material based OPV
has never been systematically explored.
In Chapter 5, we compared the photovoltaic response for P3HT based photodiodes
with both the typical and inverted configurations as shown in Fig. 5.6. Remarkably,
we find that there is a significant improvement (by factor of 50-100!) in the Jph for
the inverted device configuration, even though the same polymer with same device
dimensions are used. This result has a strong implication on the photo-physics debate
in the conjugated polymers as explained in the following paragraphs.
As discussed in Eq. (6.1), the Jph has two physical components, one related to
charge (or free carrier) generation yield (ηex ) and the other related to charge collection efficiency (ηC ). In Eq. (6.1), Jmax is the maximum possible current from the
photodiode, which can be calculated from the absorption profile in the film. The
simulated absorption profile in the P3HT photodiode is shown in Chapter 5 (see Fig.
5.6e) for both typical and inverted electrodes. The plot shows that the absorption
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remains almost unchanged irrespective of electrode polarity. By integrating the absorption profile we find that Jmax ∼ 10 mA/cm2 for the P3HT diode. According to
classical theory, ηC ∼ 1 and hence Eq. (6.1) immediately implies that ηex > 10%
in the inverted P3HT photodiode. In the next paragraph, we show that ηex is much
higher than 10%, because ηC << 1.
Although absorption profile in the polymer film remains almost identical irrespective of electrode polarity, the charge collection zone changes from back (typical) to
front contact(inverted) as shown in Fig. 5.6. Details on the charge collection zone
and ηC are given in Chapter 5. Here we briefly describe the physics for ηC < 1. Since
most of the semiconducting polymers are p-type semiconductors, they form space
charge region at the low work function metal electrode(cathode), which is typically
the back contact of the solar cell. The space charge screens the electric field, making
the remaining portion of the polymer film neutral (or field free). In the absence of
an electric field, charge collection from the neutral region is very inefficient as the
charge diffusion length in organic semiconductors are typically very small(∼ 5 nm).
Thus, the collection length is limited by the space charge length which is typically
(10 − 20)% of the film thickness, so is ηC . The main reason for increased Jph with
an inverted electrode is the fact that the space charge region is formed at the front
contact where absorption is generally stronger compared to the back contact side of
the film. Thus for the inverted cells, the space charge region exactly coincides with
the higher absorption zone which enhances the total carrier collection and hence the
100 fold improvement in Jph . In a typical electrode configuration photo-carriers are
collected only from back side and hence Jph is poor, as reported in all the experiments
during 1990s [13–15]. However, for n-type semiconductors (e.g. PCBM) the position
of space charge is completely in the opposite direction. In other words, in n-type semiconducting film space charge is formed at the higher work function electrode (ITO),
which is typically the front contact. Thus the typical electrode configuration is better
for higher Jph in PCBM only cells, as recently reported by several groups [182, 198].
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6.4.2

Voltage Dependent Jph

The Jph in single material based OPV: In Chapter 5 we have discussed
in detail the voltage dependent increase in reverse Jph from single material based
PSC. During the 1990’s, this field dependent Jph increase was attributed to the field
dependent charge generation efficiency (ηex ) and was often referred as an unambiguous
signature for the exciton model. Several groups [66–68] explained the field dependence
of Jph from PPV (or its derivatives) with Onsager’s theory, assuming rth > 2 nm which
translates to a lower exciton binding energy EB < 0.2eV . However, the applicability
of the Onsager theory for explaining the Jph was challenged by Heeger and coworkers
[69–72]. They demonstrated that steady state photoconductivity in thin films of
MEH-PPV to be temperature independent [72], inconsistent with Onsager theory of
photocarrier generation.
In Chapter 5 (see Fig. 5.9), we provided a simpler explanation for the increase of
Jph in reverse bias based on voltage dependent collection efficiency, ηC , without invoking any rate-limiting role of excitons. By numerical simulation as well as impedance
spectroscopy measurements we confirmed that that the space charge length (which
is also the charge collection length, LC ∼ LS ) increases under reverse bias. Thus,
collection efficiency, ηC ∼ LC /Lf ilm increases with negative voltages explaining the
increase in Jph .
The Jph in BHJ-OPV: In BHJ cells, Jph remains relatively flat for reverse
voltages, but reduces significantly for forward (or positive) voltages. This trend in
Jph for BHJ OPV is generally modeled using Onsager-Braun model of field dependent
CT exciton dissociation. However, in Chapter 3 (see Eq. (3.9)) we explained the
similar dependence modeling the charge recombination at the D-A interface, without
invoking any rate limiting role of singlet excitons or CT excitons.
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6.4.3

Illumination Intensity Dependent Jph

As we have discusses in Chapter 5, exciton dissociation theory cannot explain
the unusual feature of OPV technology that its power conversion efficiency (PCE)
is better at lower illumination intensity. In Chapter 5, we explained the intensity
dependence of OPV efficiency by collection limited theory of photocurrent. We also
supported our explanation with numerical simulation as well as intensity dependent
impedance spectroscopy measurements. For the sake of completeness, here we briefly
provide our explanation for intensity dependent efficiency:
In Chapter 5, we showed that ηC ∼ LS /Lf ilm , where LS is the space charge length
of the photodiode (or Schottky junction diode). We also discussed in that chapter
that the value of LS depends on the charged defect density in the semiconductor. By
intensity dependent impedance measurement we showed that space charge density
decreases for lower illumination making LS larger and hence better efficiency.

6.4.4

BHJ Cell with Small Band Offset

The band offset (∆E) between the LUMO levels at the D-A heterojunction is an
important quantity for BHJ cells. Traditionally, ∆E is attributed as the main factor in
the driving force to overcome the Coulomb binding energy of the excitons [61]. Thus,
it is argued that ∆E needs to be higher than the exciton binding energy. Recently,
Heeger and co-workers [64] have demonstrated ultra-fast charge transfer and efficient
photogeneration in a D-A system with ∆E = 0.12 eV. They have utilized a new
acceptor molecule (D99’BF), which has only 0.12 eV LUMO offset with commonly
used donor plymer (P3HT). The corresponding cell has large VOC = 1.2 V, which is
close to the theoretical maximum defined by polymer bandgap (∼ 1.9 eV). This results
clearly demonstrates that role of the HJ on charge transfer and charge separation is
not the critical bottleneck.
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Fig. 6.9. (a) Maximum efficiency predicted for excitonic solar cells as a
function of optical gap and exciton binding energy. (b) Corresponding
I-V characteristics which shows distortion in maximum power point
for higher binding energy.

6.4.5

Limiting I-V characteristics for excitonic PV

Recently Forrest and coworkers [199] have derived a thermodynamic efficiency
limit for excitonic solar cells. They concluded that if the exciton binding energy is
large (EB > 1 eV), then the excitonic PV efficiency limit will be lower than the
Shockley-Queisser limit [31] as shown in Fig. 6.9a. An interesting point made in
their work is the I-V characteristics for the excitonic cells with higher binding energy
reproduced in Fig. 6.9b. They showed by Second Law of Thermodynamics that if
the heat required for the exciton dissociation reaction (Q.diss ) is larger than the heat
generated in the photovoltaic process (Q.pv ) then there will be a sharp cut-off in the
theoretical I-V characteristics of excitonic PV. However, OPV cells never exhibited
such distorted I-V for wide range of material system, indirectly confirming lower
binding energy.
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6.4.6

EQE approaching ∼ 100% in BHJ cells

The external quantum efficiency (EQE) for a single material based OPV cell is
low, which is generally explained by the Onsager theory as discussed earlier. However,
in optimized BHJ based polymer solar cells EQE is closed to 100%, as reported by
several groups [26,29]. If charge generation (or exciton dissociation) in the polymeric
material had been the critical bottleneck, such high EQE would not been possible
in BHJ OPV. We will explain in Sec. 6.5 that BHJ concept improves the charge
collection efficiency which is the main reason for obtaining such a high EQE.

6.5

Role of the HJ on Minimising Charge Recombination
In the light of the recent experimental results [63, 64], it is clear that role of the

HJ on charge generation is not critical. Indeed, we have discussed in the previous
section that primary excitation in semiconducting polymer is free carriers and hence
charge generation is not the performance bottleneck to begin with. However, this
immediately poses the question: Why HJ based cell are much more efficient than
single material based cells? In the following we answer this question considering the
role of HJ on minimizing free carrier recombination.
In Fig. 6.10 we compare the energy bands and the corresponding I-V characteristics for a HJ-free single material based OPV cell and a planar HJ based OPV cell
by detailed numerical simulation. For meaningful comparison, we assume uniform
photogeneration only at the middle part of the device, as shown by shaded area in
Fig. 6.10. We do not consider any exciton dynamics in the simulation. Instead, free
carrier recombination and drift-diffusion based charge transport equations are solved
(details of the model equations are given in Chapter 2). For the clarity of comparison, we assume a uniform doping density of 1017 cm−3 for donor (P-type dopants)
and acceptor (N-type dopants) region. Typical values for material parameters and
transport parameters are used as discussed in Chapter 2.
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Fig. 6.10. (a) Energy band diagram of HJ-free single material based
OPV. (b) Energy band diagram of symmetric planar HJ OPV (c)
Simulated I-V characteristics for the two structures.

Fig. 6.10 clearly shows that we can numerically simulate the important features
of the I-V characteristics commonly observed for these two device structures without
invoking any exciton dissociation argument. In order to understand the simulation
results more clearly, we also show the charge carrier density and the recombination
profile in the device in Fig. 6.11. Fig. 6.11c clearly illustrates that the HJ minimizes
the charge recombination by preventing the build up of minority carriers (electrons
in donor and holes in acceptor) under light illumination.
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The role of a HJ on the selective separation of charge carriers in the respective materials is illustrated further in Fig. 6.12. The band offset at the HJ allows photogenerated carriers to flow only in one direction. For example, photogenerated electrons
can flow from the donor material to the acceptor, but the reverse flow is prevented

155
by the high energy barrier (or conduction band offset) at HJ. Same is true for the
holes. Thus, even under strong photogeneration, the minority carrier concentration
in the respective material remains low. Since bulk recombination is proportional to
the minority carrier density, HJ minimizes the bulk recombination, even though the
individual D/A materials are full of defect states and prone to charge recombination.
The situation is quite different in the absence of a HJ. For example, in the HJ-free
single material (donor) based devices, whose energy bands were shown in Fig. 6.10a,
electron (minority carrier in p-type donor) can diffuse deep inside the bulk (see Fig.
6.11a) resulting in higher charge recombination.

6.6

Conclusion
In summary, in this chapter we have challenged the popular notion of exciton

dissociation being the performance bottleneck. Instead, we experimentally show that
poor charge collection caused by defect screening makes the efficiency of single material based cell poor. Specifically, we have the following results:
1. We critically discuss the key experiments from literature (and some done by
us), to conclude that exciton dissociation in not a performance bottleneck in
organic solar cells, especially under under broad band solar illumination.
2. We propose an alternative theory of photocurrent based on free carrier recombination (or charge collection efficiency) without invoking the exciton dissociation
theory. We find that the heterojunction minimizes charge recombination by separating electrons and holes in two different materials.
3. The proposed theory of collection limited photocurrent consistently explain all
the typical experimental observations specific to organic solar cells.
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7. SUMMARY AND FUTURE WORK
7.1

Summary

7.2

Conclusions
In this thesis, we have developed a computational and conceptual framework to

understand the fundamental electronic processes that dictate the operation of organic
solar cells. In particular, we have carefully explored, by simulation as well as by
experiments, the role of morphology and defect states on the OPV performance. In
addition, this thesis has inspired several new device concepts (e.g., charge interface,
nano-structured electrode), and has led to the proposal of single material based OPV
device which may, if successfully implemented, change the classical paradigm of OPV
design. In general, this thesis provides several new insights regarding the role of
morphology and defect states in organic semiconducting devices, which may have
broad implications for organic electronics. Below we specify some of the crucial
contributions made in the thesis:
1. We have developed a process-device co-simulation framework that makes an
end to end connection between the fabrication conditions and the device performance. The developed simulation framework explains the various experimental trends and puzzles observed during OPV fabrication and provides a unique
platform for the optimization of process conditions. In addition, using the
simulation framework, we were able to show that the efficiency of the solutionprocessed BHJ cells (with random morphology) is very close to the perfectly
ordered structures, which suggests that the inexpensive solution based processing of BHJ cells imposes no inherent limitation on the cell efficiency.
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2. We have formulated a new analytic theory for the electronic transport in complex morphology based on equivalent geometrical transform. The analytic theory proves that the open circuit voltage of organic BHJ cells is insensitive to morphology and hence cannot be radically improved by morphology-engineering.
Using the analytic models, we establish the intrinsic lifetime limits of organic
BHJ cells caused by temperature activated phase separation.
3. We have developed a new defect characterization technique based on the analysis of forward bias impedance spectroscopy, specially applicable for organic
semiconductors.
4. We have proposed two novel design concepts, namely “charged interface” and
“nanostructured electrode” to address the inefficient transport bottleneck in
organic semiconducting devices.
5. A major challenge in the design of the state of the art OPV cells is that it
requires a pair of randomly mixed organic semiconductors for its absorbing
layer. Even though such complex morphology reduces charge loss by separating
electrons and holes in respective channels, it introduces many technological
problems such as reliability, variability and yield which may preclude the large
scale adoption of this technology. One crucial contribution of this thesis work is
the proposal of single material based OPV design, which may lead to a paradigm
shift in the design of organic solar cells.
6. We have proposed and formulated an alternative theory of photocurrent based
on free carrier recombination (or charge collection efficiency) without invoking
the exciton dissociation theory. The proposed theory consistently explains all
the typical experimental observations specific to organic solar cells.
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7.3

Future Work
The conclusions of this thesis are not only applicable for organic solar cells, but

can be directly translated to other applications based on organic semiconductors, such
as thin film transistors, light emitting diodes, etc. Therefore, the research described
in this thesis can be extended in the following directions:
1. Origin and Engineering of the Defect States in Organic Semiconductor: Defect states in semiconducting materials trap the mobile carriers degrading the carrier mobility and leading to trap assisted recombination loss. In solar
cell applications, it reduces the power conversion efficiency and in light emitting
devices it reduces the luminescence efficiency. Thus, characterization of the defect states and minimizing their effects by rational material and device design
are critical for the future of organic electronics.
As mentioned earlier, we have developed a new defect characterization technique
based on forward bias capacitance voltage measurement which is applicable for
a wide range of low mobility (∼ 10−6 − 10−3 cm2 /V s), high bandgap (EG ∼
1.5 − 2.5 eV) semiconducting materials. This technique can be extended to
study, characterize and engineer the defect states in emerging soft materials.
Furthermore, a theoretical understanding on the origin of the defect states in
the organic semiconductor will lead to development of new high quality organic
semiconductors as well as purification methods for the improvement of material
quality. In addition to improving the solar cell performance, such engineering
of the defect states in the organic semiconductor will lead to better electrical
characteristics in other organic based applications.
2. Fundamental Study of Device Degradation: One of the key challenges in
the path of successful commercialization of the organic devices (OLED, OPV,
OTFT, etc.) is the poor device lifetime. Organic molecules easily react with
the oxygen and water molecules (diffusing from the environment) degrade very
soon. However, with the recent development of the high quality encapsulation
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materials the oxygen and water diffusion problems are minimized to a great
extent. The lifetime limiting factors for the next generation organic devices are
not really chemical degradation, but the thermal degradation, metal diffusion,
metal organic complex formation, defect generation, etc. Thus, understanding
the physics of device degradation and identifying the rate limiting factors are
very important for the further progress in the field.
Even though many physical characterization studies are done on the degraded
organic devices, very few studies are done on the electrical characterization.
Research in this thesis on the structure-property relationship, impedance spectroscopy can be utilized to systematically analyse the degradation physics of
organic devices. Specifically, it is still not clear in the organic device community which part (bulk materials, metal-organic interface or organic-organic
heterojunction, etc) of the device degrade fast, the time dynamics of defect
generation and the issues of Fermi-level pinning at the metal semiconductor
interface. Careful analysis of the degradation physics of the organic devices will
enable degradation tolerant material ( such as polymer molecules, encapsulating materials, etc) and device design for the next generation organic electronic
devices.
3. Characterization of surface states in metal-organic interfaces for improved buffer layer design: Making good electrical contact between metal
and the organic semiconductor is difficult. In organic photovoltaic devices it
affects the charge extraction and in organic LED devices it affects the charge
injection. Thin interlayers or buffer layers are often used between the metal and
the organic layer for the improved electrical contact formation. For example,
a thin layer of PEDOT: PSS is commonly used as anode buffer layer and LiF
or BCP etc. are used as cathode buffer layers. However, there is a lack of
physical understanding on the role of these buffer layers and how they change
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the device characteristics. Hence the material design and optimization of these
buffer layers are done empirically.
The research work in this thesis can be utilised to explore systematically the
role of these buffer layers on the transport in the organic devices. Specifically,
impedance analysis can be applied to probe the surface states at the metalorganic contact. The surface band bending, the charge neutrality level, actual
device built-in voltages can be extracted by analyzing the C-V and I-V data
with detailed device simulation. Thus, we can model the electronic properties
of the metal organic contact in terms of the surface state densities and the
energy distribution. This will allow predictive design of the buffer layers for
high performance organic devices.
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A. DEVICE FABRICATION STEPS
A.1

Standard P3HT Photodiode Fabrication

Below we list the steps followed for the fabrication of single layer P3HT based
photodiode with standard electrode configuration.
• Wash the substrates in ultrasonic solvent bath: ITO coated glass substrates (purchased from Thin Film Devices, Inc.) were cleaned using 10 minute
sonication cycles in acetone, chloroform, and isopropyl alcohol sequentially. The
substrates were then blown dry with compressed nitrogen. The substrates were
exposed to an ozone plasma for 10 minutes.
• Spin coat PEDOT:PSS layer: A thin layer (∼ 50 nm) of poly(3,4-ethylene
dioxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS) was generated by spin-coating two sequential layers of an aqueous PEDOT:PSS solution
at 4000 r.p.m for 45 seconds onto the ITO-coated glass surface. The films were
then baked at 1200 C for 20 minutes in air, and then transferred into the glove
box.
• Prepare a solution for the active material: P3HT was purchased from
Sigma-Aldrich and used as received. The molecular weight of the P3HT was
determined to be 35 kg mol−1 with a polydispersity index (PDI) of 2.23, as
measured against polystyrene standards. P3HT solution of 50 mg (which led to
a 300 nm thick semiconducting layer) or 100 mg (which led to a 700 nm thick
semiconducting layer) of P3HT in 1 ml of chlorobenzene (CB). These solutions
were stirred and heated to 700 C overnight in a nitrogen-filled glove box.
• Spin coating: The active layer was obtained by spin-coating the blend at 600
r.p.m. (1 s ramp rate) for 60 s and then 2000 rpm (10 s ramp rate) for 1 s.
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• Drying and annealing: Before cathode deposition, the films were thermally
annealed at 1500 C for 15 min on a hot plate in the glove box.

• Metal deposition: Finally, a 100 nm thick aluminum (Al) layer was deposited
by thermal evaporation through a shadow mask. The shadow mask was used to
define six devices per substrate where the active area is defined by the overlap
of ITO anode and Al cathode as 0.0615 cm2 .

A.2

Inverted P3HT Photodiode Fabrication

Below we list the steps followed for the fabrication of single layer inverted P3HT
based photodiode.
• Wash the substrates in ultrasonic solvent bath: ITO coated glass substrates (purchased from Thin Film Devices, Inc.) were cleaned using 10 minute
sonication cycles in acetone, chloroform, and isopropyl alcohol sequentially. The
substrates were then blown dry with compressed nitrogen. The substrates were
exposed to an ozone plasma for 10 minutes.
• Spin coat TiOx layer: A thin layer (∼ 40 nm) of TiOx was spin-coated (4500
r.p.m for 45s) to modify the ITO surface followed by 1 hour hydrolysis reaction
time. After baking at 1700 C for 10 min, the substrates were transferred to a
nitrogen-filled glove box ( < 0.1 p.p.m. O2 and H2 O). The TiOx solution was
prepared by dissolving Titanium isopropoxsite in isopropyl alcohol and stirred
overnight.
• Prepare a solution for the active material: P3HT was purchased from
Sigma-Aldrich and used as received. The molecular weight of the P3HT was
determined to be 35 kg mol−1 with a polydispersity index (PDI) of 2.23, as
measured against polystyrene standards. P3HT was first dissolved in chlorobenzene (CB) to make 20 mg/ml solution. The blend was stirred overnight in the
nitrogen-filled glove box at 700 C.
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• Spin coating: The active layer was obtained by spin-coating the blend at 600
r.p.m. (1 s ramp rate) for 60 s and then 2000 rpm (10 s ramp rate) for 1 s.
• Drying and annealing: Before cathode deposition, the films were thermally
annealed at 1500 C for 15 min.

• Metal deposition: Lastly, an Au (100 nm) layer was deposited by thermal
evaporation through a shadow mask at a rate of 2 Å/s. The shadow mask was
used to define six pixels per substrate where the active area is defined by the
overlap of ITO and Au as ∼ 0.0615 cm2 .
A.3

Standard P3HT:PCBM BHJ Device Fabrication

The fabrication for standard P3HT:PCBM based BHJ cells is similar to the standard P3HT photodiode fabrication, except the solution making step. For P3HT:PCBM
BHJ cells we mix 25 mg of P3HT and 25 mg of PCBM in 1 ml Chlorobenzene (CB).

A.4

Inverted P3HT:PCBM BHJ Device Fabrication

The fabrication procedure for inverted P3HT:PCBM based BHJ cells is same as
that of the inverted P3HT photodiode fabrication, except the solution making step.
For P3HT:PCBM BHJ cells we mix 25 mg of P3HT and 25 mg of PCBM in 1 ml
Chlorobenzene (CB). The structure of the fabricated cell and the corresponding J-V
characteristics are shown in Fig .A.1.

A.5

Standard MEH-PPV Photodiode Fabrication

The fabrication of standard MEH-PPV based photodiode is similar to the standard P3HT photodiode fabrication, except the solution making step. For MEH-PPV
cells we mix 3 mg of MEH-PPV in 1 ml Chlorobenzene (CB). The structure of the
fabricated cell and the corresponding J-V characteristics are shown in Fig .A.2. The
capacitance-voltage characteristics of the same cell are shown in Fig. A.3.
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cell. (a) Device structure, (b) corresponding J-V characteristics under
1 Sun illumination, (c) J-V characteristics in dark.
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Fig. A.2. Current-voltage (J-V) characteristics of MEH-PPV photodiode. (a) Device structure, (b) corresponding J-V characteristics
under 1 Sun illumination, (c) J-V characteristics in dark.

A.6

Inverted MEH-PPV Photodiode Fabrication

The fabrication steps for inverted MEH-PPV based photodiode are same as those
of the inverted P3HT photodiode fabrication, except the solution making step. For
MEH-PPV cells we mix 3 mg of MEH-PPV in 1 ml Chlorobenzene (CB). The structure of the fabricated cell and the corresponding J-V characteristics are shown in Fig
.A.4.
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Fig. A.4. Current-voltage (J-V) characteristics of MEH-PPV photodiode. (a) Device structure, (b) corresponding J-V characteristics
under 1 Sun illumination, (c) J-V characteristics in dark.

A.7

Standard CuPc Photodiode Fabrication

The deposition of CuPc layer in CuPc photodiode is done by thermal evaporation. All other steps for the device fabrication are similar to the standard P3HT
photodiode fabrication. The structure of the fabricated cell and the corresponding
J-V characteristics are shown in Fig .A.5. The capacitance-voltage characteristics of
the same cell are shown in Fig. A.6.
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B. ELECTRICAL MEASUREMENT PROCEDURE
All electrical characterizations were performed inside a cryogenic probe station (Lakeshore Model TTPX). The current-voltage measurements were performed using a
Keithley 2400 Sourcemeter. Capacitance characterization was performed using a
Hewlett Packard 4149A Impedance/Gain-Phase Analyzer. To account for any parasitic capacitance, a short and open calibration was performed prior to collecting
any data. Additionally, to confirm the instrument calibration, we first measured
the capacitance of a standard copper indium gallium sulfide (CIGS) semiconducting sample of a known capacitance value. For the organic devices, we performed
capacitance-frequency sweep from a frequency of 100 Hz to a frequency of 1 MHz.
The capacitance-voltage measurements were performed both at low (200 Hz) and high
(2 kHz) frequencies, from 2.0 V to 2.0 V. All measurements were performed under
vacuum, in dark condition, and at room temperature.
15
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Fig. B.1. (a) Hybrid circuit model used to extract capacitance values
from the measured impedance data. (b) Current-voltage characteristics for the ITO substrate to calculate the series resistance value.

We use the hybrid circuit model (Fig. B.1a) to extract the capacitance values
from the measured impedance data. The series resistance value is calculated from the
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current-voltage response of the ITO substrate (Fig. B.1b). The Cp values extracted
from this analysis have been reported in all the figures in this thesis.
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C. DEFECT CHARACTERIZATION BY FORWARD BIAS
CAPACITANCE-VOLTAGE ANALYSIS
C.1

Introduction

Organic semiconductors (OSCs) are widely used in many applications such as
light emitting diodes [200], solar cells [9, 46, 201], transistors [202]. As van der Waals
solids [112], OSCs form disordered films with weak lattice forces that results in a large
number of defect states [174, 203, 204] within the energy band gap, Eg . These defects
scatter and trap free carriers, so that carrier mobility is reduced and recombination
is enhanced [175, 205, 206]. Thus, it is important to understand the origin of these
defects, and characterize the energy levels and the density of these defect states. In
this manner, the design of new OSCs with improved transport properties will be
facilitated.
Classical Mott-Schottky (MS) analysis [177–179, 181] is commonly used to calculate the total doping density (NA ) and the built-in voltage (Vbi ) of a semiconducting
device. These values are obtained from slope and intercept of the C −2 − V plot, based
on the following MS equation:
1
=
C2



2
qǫNA



(Vbi − V ) .

(C.1)

Here ǫ is the dielectric constant and q is the charge of an electron. Note that
the MS analysis does not provide any information about the energetic levels of the
dopants or the defect states, because the theory assumes that only ionized shallow
dopants contribute to the capacitance.
The energy levels of defect states within the band gap of a material can be characterized by impedance spectroscopy (IS) or, more specifically, capacitance frequency
(C-f) measurements at zero bias [207–211]. The IS analysis correlates the transition
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Fig. C.1. (a) The impedance measurement depends on voltagefrequency (V-f) range, which is depicted here by dividing the entire
V-f space in four different windows. The measurement windows W 1
and W 4 are not accessible due to measurement noise and the dielectric
relaxation frequency, respectively. The forward bias window (W 2) is
accessible only in low mobility materials and it contains information
about the defect levels (Edp and Esh ). (b) The measured impedance
spectroscopy (IS) plot (V = 0) for a P3HT diode (inset shows the
device structure). The transition frequency in the plot corresponds to
the dielectric relaxation frequency (ωdr ) and, hence, does not provide
any information about the defect energy levels.

frequencies (ωi ) with the defect energy levels (Ei ) according to the following relationship: Ei = kT ln(ω0 /ωi ), where ω0 is a material dependent constant. For deep
level states, ωi values are exponentially suppressed below the measurement window,
(W1 in Fig. C.1a). The shallow states can be measured only if their ωi values are
lower than dielectric relaxation frequency (ωdr ) [177]. For OSCs, however, ωdr values
characteristically are very low [178], which precludes the use of IS analysis for defect
level characterization(see W4 in Fig. C.1a). As an illustrative example, in Fig. C.1b
we show the measured IS data for P3HT photodiode, which shows a single transition
frequency corresponding to ωdr ≈ 10 kHz. Therefore, IS analysis cannot be used to
determine the trap levels of a typical OSC, such as P3HT.
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This failure of the widely used IS method led the community to look for alternative
techniques. For example, Nicolai et al. [175] have developed a space charge limited
current-voltage (SCL-IV) [212] measurement technique to determine the deep level
defect states in OSCs. Unfortunately, their results can be consistently interpreted
only for specialized test structures with relatively small built-in voltages (Vbi ). It is
not clear if the technique can be generalized to interpret defects in Schottky junction
or PN junction diodes. In addition, the SCL-IV method cannot distinguish between
deep and shallow level states, and therefore, is not suitable for devices with mixed
and/or distributed defect levels.
In this work, we develop a new defect characterization technique based on FB-CV
measurement, which is ideally suited for a wide range of low mobility, wide band gap
OSCs. Classical CV measurements are performed in the reverse bias (window W3
in Fig. C.1a; ωmin < ω < ωdr , VA < 0) to calculate the doping densities (NA , ND )
and Vbi of semiconducting devices. The FB-CV (window W2 in Fig. C.1a; ωmin <
ω < ωdr , VA ≥ 0) is excluded because the high conductivity of the forward-biased
devices (as reflected in high dissipation factor(D) [207]) reduces the accuracy of the
capacitance extracted.
In the following paragraphs we show that the limitation regarding FB-CV measurement does not apply to low-mobility OSCs with µ ≈ 10−3 − 10−6 cm2 /V s. For
OSCs, the FB-CV window (W2 in Fig. C.1a) allows for high-precision measurement
of device capacitance and provides additional information on deep level defect states,
which are otherwise inaccessible to classical RB-CV methods. Furthermore, a theoretical framework has been developed to relate the FB-CV to the energy levels (Ei ) of
defect states. The theory has been used to interpret the measured CV data of P3HT
based Schottky diode. The data indicate that P3HT not only contains shallow defects
(usually called dopants), but also comprises of high density deep level states. The
defect densities and the defect levels obtained by FB-CV are consistent with SCL-IV
method. In addition, we find that the classical Mott-Schottky analysis on the RB-CV
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data of P3HT diode underestimates the device Vbi due to high density of deep level
states.

C.2

Model System

In early 1970s, Crowell et al. [213, 214] generalized the classical MS theory to
account for multiple deep level defect states and found that under certain conditions,
the FB-CV may contain signatures of trap levels. We find that these conditions are
generally satisfied for organic Schottky diodes. In the following, therefore, we adapt
the Crowell-Mott-Schottky (CMS) theory for an accurate characterization of defect
states in OSCs. The CMS theory accounts for all charges including the mobile carriers;
however, the mobile carrier density is small in large bandgap organic semiconductors.
Therefore, the CMS theory can be simplified by neglecting the contribution from
mobile carriers for organic semiconductors to develop a simplified analytical theory
as discussed below.
Fig. C.2 shows the energy band diagram and the space charge regions of a metalsemiconductor Schottky diode in the presence of both deep and shallow defects. We
assume that both the shallow and deep level states are acceptor-like states. In principle, there may be a narrow distribution of states around individual defect levels,
but for simplicity we assume defect levels are discrete. At the equilibrium condition
(or reverse bias), both the deep and the shallow defects remain below the hole quasiFermi energy level (Fig. C.2a). Thus, the space charge consists of both the shallow
(acceptor-like dopants), and deep level states filled with electrons. The measured
capacitance, therefore, can be interpreted as the parallel combination of the capacitances corresponding to deep and shallow levels. The corresponding equation of the
capacitance in the reverse bias (CRB ) is given by (a general derivation is given in
Ref. [213])
1
=
2
CRB



2
qǫ (Ndp + Nsh )




VbiRB − V .

(C.2)
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Fig. C.2. Theory of the capacitance oscillation. (a) The energy band
diagram of the metal-semiconductor Schottky junction at equilibrium
(V = 0 and Ef = Ef n = Ef p ). The deep and shallow energy defect
states are shown within the band gap and measured from the valance
band. The space charge in the depletion region is shown below the
band diagram, emphasizing the fact that the space charge consists of
both shallow and deep level defects. The total capacitance is, thus,
a parallel combination of two capacitances: one related to shallow
defects (Csh ) and the other related to deep states (Cdp ). (b) The
energy band diagram in the forward bias (FB) illustrates that deep
level states float above the hole-quasi Fermi-level (Ef p ) and become
charge neutral as the diode is forward biased. Thus, the deep states
no longer contribute to device capacitance explaining capacitance fall
(or oscillation) at FB.

Here Ndp and Nsh are the defect densities of the deep level and shallow level states,
respectively, and VbiRB is the extrapolated built-in voltage based on RB-CV data.
When positive voltage is applied at cathode (moving from W3 to W2 in Fig.
C.1a), the energy bands move up so that the deep states float above the hole quasiFermi level, (Ef p in Fig. C.2b). The deep states are now empty and charge neutral,
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and therefore, no longer contribute to the total capacitance. Hence, the capacitance
abruptly falls to a lower value in forward bias (see Fig. C.6a). Beyond this bias point,
the capacitance corresponds exclusively to the shallow defect states (Fig. C.2b). The
forward bias capacitance (CF B ) can be written as
1
=
CF2 B



2
qǫNsh




VbiF B − V .

(C.3)

Here VbiF B represents the built-in voltage extrapolated from the FB-CV characteristics. Note that Eq. (C.3) is an approximate description for FB-CV as it neglects
the effects of mobile charge carriers even in the forward bias regime. In the wide
band gap organic semiconductors such as P3HT, the mobile carriers are few and the
space charge is mainly due to the dopants or charged defect states. This assertion is
confirmed by a detailed and self-consistent numerical modeling of carrier transport
in the organic Schottky diodes; the results are summarized in Fig. C.3. For a precise
(but somewhat cumbersome) analysis of FB-CV, we refer the readers to the initial
paper by Crowell et al [213]. Thus, for organic semiconductors, Eq. (C.3) should
be used with caution as an approximate guideline to interpret the high forward bias
data.
The energetic positions of the deep defect levels (Edp ) and shallow defect levels
(Esh ) are related to the voltages corresponding to capacitance peaks (denoted as Vdp
and Vsh in Fig. C.6a) as follows:

Edp − Ef = q (Vbi − Vdp ) .

(C.4)

Esh − Ef = q (Vbi − Vsh ) .

(C.5)

Here, Ef is the equilibrium Fermi level of the semiconductor (see Fig. C.2a), and
Vbi is the intrinsic built-in voltage. Note that the energy levels obtained by Eq. (C.4)
and Eq. (C.5) are approximate as we have neglected the effects of mobile charge
carriers and contact series resistance. A detailed numerical simulation can be used to
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Fig. C.3. Simulated charge profile in the semiconductor. (a) The
device structure used for simulation (b) The simulated energy band
diagram at equilibrium and (c) at forward bias. (d)-(f) are the
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(dashed line in Fig. S5a). The red lines in the plot are the net space
charge profile, mainly contributed from the defect sates, in the device.
The charge in the semiconductor is balanced by equal and opposite
charges in Al (not shown). The device simulation is performed in
M EDICI T M by solving self-consistently the Poisson equation and
drift-diffusion based transport equations.

improve the precision of energy levels obtained from the C-V data and this topic has
been discussed in Fig. C.4c.
The derivation of Eq. (C.4) and Eq. (C.5) neglects any contribution of diffusion
capacitance, which is valid because the Schottky junction is a majority carrier device.
Second, the analysis assumes that the Schottky barrier forms only at the cathodeorganic junction. Because OSCs are generally p-type materials, this assumption holds
well for many OSCs. Third, Eq. (C.2 - C.5) are derived assuming that bulk defect
states dominate the electrostatics of the device and that the contributions of the
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contact states is relatively small. We justify this assumption by interpreting the
features of the experimental results by numerical simulation, see Fig. C.5. Finally,
the theory presented here assumes that deep level traps respond to the relatively
low measurement frequency (e.g., f ≈ 200Hz). This assumption holds because the
charging of the deep level traps takes place near the metal-semiconductor interface
where electrons can directly tunnel in the trap states from the metal electrode instead
of band-to-trap capture/emission.

C.3

Experimental Results

We now apply the theory of RB-CV and FB-CV to interpret the measured capacitancevoltage data for the P3HT-based Schottky junction devices. The structure of the
device is as follows: tin-doped indium oxide (ITO) on glass (150 nm) / PEDOT:PSS
(50 nm) / regioregular P3HT (700 nm) / Al (100 nm). The P3HT layer is made deliberately thick to avoid any effect of a fully depleted device. The device fabrication
steps are described in detail in the Appendix.
In Fig. C.6a, we plot the low frequency (f = 200Hz) CV characteristics of the
P3HT based Schottky diode. The corresponding M-S plot is drawn in Fig. C.6b.
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The figure shows that the capacitance follows the M-S theory (C −2 ∝ V ) for negative
voltages (i.e., in reverse bias). In forward bias, however, we observe an oscillatory
behavior in the capacitance-voltage characteristics not anticipated by classical MS
theory. Similar capacitance oscillations in FB capacitance also were observed by
Crowell et al. [213] for silicon-based Schottky diodes in the presence of deep (Au) and
shallow (Cu) impurity levels (or defect states). According to Ref. [213], the first peak
in the CV curve is due to the discharge of the deep level defect states (Edp ) and the
second peak corresponds to the discharge of shallow defects (Esh ).
We now utilize Eq. (C.2) and Eq. (C.3) to extract information from both the
FB-CV as well as RB-CV characteristics. In Fig. C.6b, we plot Eq. (C.2) and Eq.
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Fig. C.6. (a) The capacitance-voltage data for the P3HT diode in
both forward and reverse bias. The measurement frequency (f) is 200
Hz. (b) The corresponding Mott-Schottky plot of the capacitance
data has two slopes: one in the reverse bias and other in the forward
bias. The solid lines are drawn according to the eq. (2) (reverse bias,
red line) and eq. (3) (forward bias, black line) to interpret the data
and extract the defect density.

(C.3) as solid red and black lines, respectively, to fit the data. From the slope of
the FB-CV [Eq. (C.3)], we find Nsh = 2x1015 cm−3 . From the slope of the RB-CV,
we calculate Nsh + Ndp = 8x1015 cm−3 . In other words, in this system, the deep
level defects outnumber the shallow defects in a 3:1 ratio. Similarly, the capacitance
peaks (Vsh ≈ 1.2V and Vdp ≈ 0.25V ) can be used with Eq. (C.4) and (C.5) to
find that Edp ≈ 1.35eV and Esh ≈ 0.4eV above the HOMO level of P3HT (we use
Ef ≈ 0.3eV above the HOMO level as calculated from total defect density). These
values are in agreement with previously reported values. Thus, our analysis provides
independent confirmation of the presence of the deep defect levels in P3HT. Note that
the C-f characteristics shown in Fig. C.1b do not saturate at low frequency indicating
incomplete trap response, in particular from the deep level traps. Thus, the slopes of
Mott-Schottky plots (measured at 200 Hz) underestimate the actual defect density
in the semiconductor.
Fig. C.6b shows that there are two built-in voltages: one corresponds to RBCV (VbiRB ≈ 0.55V ) and the other to FB-CV (VbiF B ≈ 1.3V ). Traditionally, VbiRB is
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attributed as the built in voltage of the Schottky diode, provided that the capacitance
saturates to the geometric limit (Cgeo ). Fig. C.6, however, shows that the capacitance
for the P3HT Schottky diode saturates to Cgeo = 3nF/cm2 after VbiF B and not after
reaching VbiRB . Therefore, VbiF B estimates the intrinsic device built in voltage. This
anomaly in Vbi extraction by classical M-S analysis is well known in the literature
[216, 217] but the difference for the P3HT diode is dramatically accentuated due to
high density of deep level trap states.
The built-in voltage of a typical Schottky barrier generally is dependent on the
difference between the work function of the metal (φAl ) and the semiconductors Fermi
level (i.e., Vbi = HOM O−Ef −φAl ). In P3HT, Ef ≈ 0.3eV and HOM O 4.9eV . Thus,
the value of the extracted Vbi ≈ 1.3eV suggests that the metal (Al) wok-function is
modified significantly, and it is pinned at the Lowest Unoccupied Molecular Orbital
(LUMO) level of the P3HT. This pinning of the metal work function to the molecular
orbital of OSCs has been reported previously in the literature [218, 219], and this
may be expected due to the thermal evaporation-based deposition conditions used to
generate the diode structure.
For a highly conductive system, an accurate measurement of the FB-CV characteristics is fundamentally limited by instrument precision. For high precision measurements, theoretical analysis shows that upper limit of the dissipation factor (D =

1
ωRC

,

R is the device resistance) should be in the range of 10-20. Because the diode becomes
very conductive in FB, D increases sharply beyond the instrument precision, thereby
preventing accurate measurement of capacitance. Furthermore, because OSCs are
considerably less conductive due to poor charge carrier mobility in the material, the
dissipation factor for organic diodes remains within the accuracy limit even at a relatively high forward bias (the measured D factors from several devices are plotted in
Fig. C.7. We find that all the C-V peaks (except one, Fig. C.7i) occur significantly
below the D = 10 line. The results are therefore consistently reliable and contain
unambiguous signature of deep level traps. Because D is inversely proportional to the
measurement frequency (ω), it is preferable to measure impedance at higher frequen-

197
�−�

20

�−�

30

Tfilm ~ 300 nm

25

20

(a)

20

15

(b)

15

10

10

5

5

5
0 2
10

4

10
Frequency (Hz)

10

0
-2

6

30

(c)

D

-2

C (nFcm )

-2

C (nFcm )

15
10

Dissipation Factor

25

f = 200 Hz

-1

0
1
Voltage (V)

0
-2

2

-1

0
1
Voltage (V)

2

-1

0
1
Voltage (V)

2

-1

0
1
Voltage (V)

2

-1

0
1
Voltage (V)

2

40
f = 2k Hz

Tfilm ~ 300 nm

25

40

10

30

10

5
0 2
10

4

10
Frequency (Hz)

10

-1

0
1
Voltage (V)

0
-2

2

30

30
f = 200 Hz

25

-2

-2

C (nFcm )

Tfilm ~ 700 nm

15
10
(g)

20
10

0
-2

6

20

C (nFcm )

(f)

(e)

20

D

(d)

25
20

20
15

D

15

C (nFcm-2)

C (nFcm-2)

30
20

(h)

15

(i)

10

10

5

5
0 2
10

4

10
Frequency (Hz)

10

20

-1

0
1
Voltage (V)

30
f = 2k Hz

25

(j)

5

25

20
15

20
(k)

D

C (nFcm-2)

-2

10

10

4

10
Frequency (Hz)

10

6

0
-2

15

(l)

10

5
0 2
10

0
-2

2

30
Tfilm ~ 700 nm

15
C (nFcm )

5

SI

0
-2

6

5
-1

0
1
Voltage (V)

2

0
-2

Fig. C.7. The capacitance-frequency and capacitance-voltage plots
for several organic devices and the corresponding dissipation factors.
Note that the capacitance peaks (shown by arrows) in the plots lies
within the tolerance limit of D ≤ 10. (only one C-V peak occurs for
D ∼ 15 in subplot (i) and all other C-V peaks are well below the
D = 10 line).

cies. However, at very high frequencies, the traps cannot respond to the applied field
and the oscillations of FB capacitance observed in Fig. C.6a disappear (see Fig. C.7).
Thus, a careful choice of the measurement frequency (in this analysis 200 Hz) is an
important prerequisite to capture the capacitance peaks at FB-CV characteristics.
In addition to the dissipation factor, a few other experimental precautions are
necessary to extract meaningful information from the measured impedance data. For
example, the capacitance must be extracted from the measured impedance data by
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using the appropriate circuit model. In this analysis, we use the hybrid circuit model
(details given in Fig. B.1) which is shown to be appropriate for the entirety of the
frequency range. Finally, the organic film thickness needs to be larger than the space
charge region for the application of MS analysis. The thickness of the P3HT film
fabricated for this study is approximately 700 nm, which is much larger than the
space charge region ( 200 nm).

C.4

Conclusion

In summary, we have presented a new technique to determine the energy levels of
the deep defect states in the OSCs. The technique is based on FB-CV measurements
for an organic photodiode. We have demonstrated that capacitance oscillation in the
FB-CV offers the signature of deep level traps, the energy positions of which can be
calculated from the FB-CV data. The theory is verified by the FB-CV measurements
of a P3HT diode, which confirms the presence of deep level trap state; this also has
been recently demonstrated by SCL-IV measurement. Finally, we conclude that the
typical M-S analysis in the presence of multiple defect states underestimates the built
in voltages of the Schottky junction. Therefore, the FB-CV measurement technique
provides a new approach to characterization of defect levels in organic electronic
devices, which are inaccessible to classical impedance spectroscopy and, therefore,
very useful for design and analysis of a wide variety of polymer semiconductors for
applications in flexible electronics.
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D. DERIVATION OF OPTIMUM MIXING RATIO
The recent work on OPV morphology reveals that the BHJ-morphology consists of
two distinct phases: one is “donor rich” and the other is “acceptor rich”. Here we
derive the volume ratio between these two phases in terms of the weight ratio and we
find that even though the weight ratios are quite different, the phase volume ratio is
∼ 1 : 1.
D.1

Derivation of Optimum Mixing Ratio Formula

Let us define the following terms:
ρD = density of the donor molecules (e.g., P3HT)
ρA = density of the acceptor molecules (e.g., PCBM or fullerene)
αD = weight ratio of fullerene molecules to donor molecules in “donor-rich phase”
αA = weight ratio of fullerene molecules to donor molecules in “acceptor-rich” phase
(this factor is close to unity, as the acceptor phase generally consists of pure acceptor
molecules)
αopt = opt. weight ratio of fullerene molecules to donor molecules in active layer
Clearly, volume of the “donor-rich” phase :

mD,D mA,D
+
ρD
ρA


1
αD
= mD,D
.
+
ρD
ρA

VD =

Volume of the “acceptor-rich” phase :

(D.1)
(D.2)
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mD,A mA,A
+
ρD
ρA


αA
1
.
+
= mD,A
ρD
ρA

VA =

(D.3)
(D.4)

In the above equation
mD,D = mass of donor molecules in the donor-rich phase
mA,D = mass of acceptor molecules in the donor-rich phase
mD,A = mass of donor molecules in the acceptor-rich phase
mA,A = mass of acceptor molecules in the acceptor-rich phase

Clearly,

mA,A
mD,A
mA,D
αD =
mD,D
(mA,D + mA,A )
αopt =
(mD,D + mD,A )
αA =

(D.5)
(D.6)
(D.7)

Now, the volume ratio is

VD
mD,D (1/ρD + αD /ρA )
=
VA
mD,A (1/ρD + αA /ρA )


αA − αopt (1/ρD + αD /ρA )
=
αopt − αD (1/ρD + αA /ρA )

(D.8)
(D.9)

Given this formulation, we can readily calculate the phase volume ratio associated
with various organic semiconductors (small molecules or polymers) with very different
optimum weight ratios. Here we give two illustrative examples:
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D.2

Example calculation for small molecules:

Material System: DPP(TBFu)2 : PCBM
Density of DPP(TBFu)2 (ρD ) = 1.305g/cm3
Density of PCBM (ρA ) = 1.5 g/cm3
We assume no intercalation, which implies αD = 0; and

1
αA

= 0.

Thus,
VD
VA

= ρA /(αopt ρD )

As reported in Ref[1]; αopt = 40 : 60 ⇒

VD
VA

= 1.72

Thus the optimum volume fraction of the acceptor phase
For α = 30 : 70 ⇒ VD /VA = 2.7; ⇒
For α = 70 : 30 ⇒ VD /VA = 0.5; ⇒
D.3

VA
VA +VD

= 27%

VA
VA +VD

= 67%

VA
VA +VD

= 37%

Example calculation for Polymer:Fullerene System

Material System: MDMO-PPV : PCBM
Density of MDMO-PPV (ρD ) = 1.0 g/cm3
Density of PCBM (ρA ) = 1.5 g/cm3 3
In this system intercalation takes place: αD = 1 : 1 ;

1
αA

=0

Thus,
VD
VA

= (ρA /(αopt − αD ))(1/ρD + αD /ρA )

As reported in Ref[1]; αopt = 4 : 1 ⇒ VD /VA = 0.83
Thus the optimum volume fraction of the acceptor phase

VA
VA +VD

= 55%
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Table D.1
Relationship between D-A weight ratio and phase volume ratio (Density of PCBM: ρA = 1.5 g/cc and the acceptor phase is assumed to
be pure PCBM)

Polymer

P3HT

Density of donor

Weight ratio in donor

Optimum mixing ra-

Phase volume ratio

molecules

phase (αD =fullerene:

tio by weight (αopt =

( VVDA )

g/cc)

donor)

fullerene: donor)

1.1

∼0

1 : 1 (w:w)

1 : 1.25 (v:v)

∼ 1 : 1 (w:w)

4 : 1 (w:w)

1 : 1.83 (v:v)

∼ 1 : 1 (w:w)

4 : 1 (w:w)

1 : 1.79 (v:v)

MDMO-PPV 1.0
pBTTT

1.1

(ρD ;
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E. DERIVATION OF J-V CHARACTERISTICS FOR
BILAYER OPV
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Fig. E.1. Energy band diagram for a D-A type bilayer (or planar
heterojunction) OPV. The various current fluxes are shown by arrows.

In this section we will derive the analytical J-V relationship for bilayer-OPV cells
(see the energy bands in Fig. E.1) which are more comprehensive and accurate than
we derived in Chapter 3. Below we list down the assumptions and the model equations
for this derivation.
Assumptions:
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1. Current is unipolar in the respective materials, i.e.,
Je (x) = 0 for 0 < x < xI ;
Jp (x) = 0 for xI < x < Lf ilm ;

2. Electric field (E) is assumed constant for all x and is related to applied bias with
the following equation: E =

V −Vbi
.
Lf ilm

3. Generation and recombination takes place only at the interface. Mathematically,

Je = Jh = Jrec − Jgen ,

= qγWint nI pI − n2i − Jgen ,

= qγWint nI pI − n̂2i .

(E.1)
(E.2)
(E.3)

Here n̂ is voltage independent term which also includes generation flux;i.e., n̂2i =
n2i + Jgen /(qγWint ). nI and pI are carrier concentration at the D-A interface and
these are voltage dependent terms. All other terms and constants are defined in
Table 2.4.
4. For the simplicity of derived quantities, we will assume symmetric device structure; i.e., xI = 21 Lf ilm .
We need to solve following drift-diffusion based transport equations for electrons
and holes to get the complete J-V characteristics.

dn
,
dx
dp
Jh = qµp pE − qDp ,
dx
dJe
dJp
=
= 0.
dx
dx
Je = qµe nE + qDe

(E.4)
(E.5)
(E.6)
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Boundary Conditions:

n(x = xI ) = nI ,

(E.7)

n(x = Lf ilm ) = nAl

(E.8)

p(x = xI ) = pI ,

(E.9)

p(x = 0) = pIT O

(E.10)
(E.11)

Exact solution:



Je = qµe E nI (1 − eα )−1 + nAl (1 − e−α )−1


Jh = qµh E pI (1 − eα )−1 + pIT O (1 − e−α )−1 ;

(E.12)
(E.13)

where



q
1
α
α
2
α
2
α
(nAl e − pIT O e + δ) − (nAl e − pIT O e + δ) − 4(nAl δ − ni ) , (E.14)
nI =
2
pI = nI − nAl eα + pIT O eα ,
δ=

(E.15)

µE
(1 − eα )−1 ,
γ

(E.16)

ExI
.
kT /q

(E.17)

α=

Approximate Solution: Here we assume first order perturbation to calculate
the recombination current.
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Assume that
Je = Jh = 0 in Eq. E.12 and E.13 to get the carrier concentration at the interface
nI = nAl eα ,

(E.18)

pI = pIT O eα .

(E.19)


Je,h = qγWint nAl pIT O e2α − n̂2 .

(E.20)

The above equation is very similar to the one we derived in Chapter 3. In Fig.
E.2 we plot the exact and approximate solutions and compare them with detailed
numerical simulation.
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Fig. E.2. Comparison of the analytical J-V characteristics with numerical simulation results: (a) under dark (b) under light.
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